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I .  I n t r o d u c t i o n  

The pu rpose  of t h i s  p r o j e c t  i s  t o  d e s i g n  and e v a l u a t e  s p e e c h  p r o c e s s o r s  

f o r  a u d i t o r y  p r o s t h e s e s .  I d e a l l y ,  t h e  p r o c e s s o r s  w i l l  ex t r ac t  ( o r  p r e s e r v e )  

from s p e e c h  t h o s e  p a r a m e t e r s  t h a t  are e s s e n t i a l  f o r  i n t e l l i g i b i l i t y  and t h e n  

a p p r o p r i a t e l y  e n c o d e  t h e s e  p a r a m e t e r s  f o r  e l e c t r i c a l  s t i m u l a t i o n  of  t h e  

a u d i t o r y  n e r v e .  Work i n  t h e  p r e s e n t  q u a r t e r  i n c l u d e d  t h e  f o l l o w i n g :  

1 .  

2. 

3 .  

4 .  

5 .  

6 .  

I n  

C o n t i n u e d  p s y c h o p h y s i c a l  i n v e s t i g a t i o n s  o f  t h e  b a s e s  a n d  

c h a r a c t e r i s t i c s  of  1 o u d n e s s . a n d  p i t c h  p e r c e p t i o n  i n  a n  i m p l a n t  

f i t t e d  w i t h  a p e r c u t a n e o u s  c a b l e ,  a s  o u t l i n e d  i n  our l a s t  

q u a r t e r l y  p r o g r e s s  r e p o r t :  

C o m p l e t i o n  of s t u d i e s  w i t h  s i x  p a t i e n t s  i m p l a n t e d  w i t h  t h e  4- 

c h a n n e l  UCSF/Storz a u d i t o r y  p r o s t h e s i s ,  t o  compare t h e  p e r f o r m a n c e  

o f  e a c h  p a t i e n t ' s  c o m p r e s s e d - a n a l o g - o u t p u t s  p r o c e s s o r  ( t h e  

UCSF/S to rz  p r o c e s s o r )  w i t h  t h e  p e r f o r m a n c e  o f  t h e  i n t e r  l e a v e d -  

p u l s e s  p r o c e s s o r s  d e v e l o p e d  i n  t h i s  p r o j e c t  (see QPRs 2 and  4 .  N I H  

p r o j e c t  N01-NS-5-2396); 

D e v e l o p m e n t  a n d  t e s t i n g  of new c o m p u t e r  p r o g r a m s  t o  s u p p o r t  a n d  

e x t e n d  t h e  above p s y c h o p h y s i c a l  and s p e e c h - p e r c e p t i o n  s t u d i e s ;  

F u r t h e r  deve lopmen t  and a p p l i c a t i o n  of a p o r t a b l e  s p e e c h  p r o c e s s o r  

f o r  use i n  f i e l d  t r i a l s  w i t h  imp lan t  p a t i e n t s ;  

Complet ion of a summary p a p e r  on p r o c e s s o r  e v a l u a t i o n s  w i t h  two 

i m p l a n t  p a t i e n t s  f i t t e d  w i t h  p e r c u t a n e o u s  c a b l e s ;  and 

C o n t i n u e d  c o l l a b o r a t i o n  w i t h  t h e  UCSF team o n  t h e  e n g i n e e r i n g  

d e s i g n  of a new, 8-channel  t r a n s c u t a n e o u s  t r a n s m i s s i o n  s y s t e m .  

t h i s  r e p o r t  w e  w i l l  b r i e f l y  d e s c r i b e  t h e  a c t i v i t i e s  i n d i c a t e d  i n  
p o i n t s  2 a n d  4 a b o v e .  I n  a d d i t i o n ,  t h e  f u l l - l e n g t h  p a p e r  of  p o i n t  5 is 

' i n c l u d e d  h e r e  a s  A p p e n d i x  1, T h i s  p a p e r  s u m m a r i z e s  a l a r g e  b o d y  o f  w o r k  

p r e s e n t e d  i n  p r e v i o u s  q u a r t e r l y  r e p o r t s  (QPR 7 ,  N I H  p r o j e c t  N01-NS-3-2356; 
i 
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Q P R s  2 a n d  4, N I H  p r o j e c t  NOl-NS-2396), a n d  p r o v i d e s  a r e f i n e d  

i n t e r p r e t a t i o n  o f  t h e  r e s u l t s .  C o m p l e t e  d e s c r i p t i o n s  o f  o u r  more r e c e n t  

s t u d i e s  of s i x  p a t i e n t s  i m p l a n t e d  w i t h  t h e  4-channel  UCSF/Storz p r o s t h e s i s .  

a n d  o f  t h e  p o r t a b l e  s p e e c h  p r o c e s s o r ,  w i l l  b e  p r e s e n t e d  i n  t h e  n e x t  t w o  

p r o g r e s s  r e p o r t s  f o r  t h i s  p r o j e c t .  
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1 1 .  Br i e f  Review of Work T h i s  Q u a r t e r  

Di rec t  Comparisons of Analog and P u l s a t i l e  

Codine: S t r a t e p i e s  w i t h  S i x  Coch lea r  

Im p1 an t Pa t i  en ts 

I n  e a r l y  F e b r u a r y  we b e g a n  an i n t e n s i v e  s e r i e s  o f  t e s t s  w i t h  s i x  
p a t i e n t s  i m p l a n t e d  w i t h  t h e  4-channel  UCSF/Storz a u d i t o r y  p r o s t h e s i s .  The 

main  p u r p o s e  o f  t h e s e  t e s t s  was t o  compare  i n  t h e  same p a t i e n t s  t h e  

p e r f o r m a n c e  o f  t h e  c o m p r e s s e d - a n a l o g - o u t p u t s  ( C A O )  p r o c e s s o r  o f  t h e  

UCSF/Storz p r o s t h e s i s  and v a r i a n t s  of t h e  i n t e r l e a v e d - p u l s e s  ( I P )  processor 

d e v e l o p e d  i n  t h i s  p r o j e c t .  We were m o t i v a t e d  by our  p r e v i o u s  o b s e r v a t i o n s  

( see  A p p e n d i x  1, t h i s  r e p o r t )  o f  t r e m e n d o u s  g a i n s  i n  c o n s o n a n t  a n d  v o w e l  

r e c o g n i t i o n  w i t h  t h e  a p p l i c a t i o n  of IP p r o c e s s o r s  i n  p a t i e n t s  who e x h i b i t e d  

p s y c h o p h y s i c a l  m a n i f e s t a t i o n s  o f  p o o r  n e r v e  s u r v i v a l .  I n  p a r t i c u l a r ,  we 
wondered how t h e  o v e r a l l  per formance  of t h e  I P  p r o c e s s o r  would compare w i t h  

t h a t  o f  t h e  CAO p r o c e s s o r  f o r  more f o r t u n a t e  p a t i e n t s  w i t h  good n e r v e  

s u r v i v a l ,  a n d  w h e t h e r  s c o r e s  on c o n s o n a n t  a n d  v o w e l  t e s t s  w o u l d  be 

c o r r e l a t e d  w i t h  s c o r e s  from a wide r  v a r i e t y  of speech  t e s t s .  

Each  p a t i e n t  was s t u d i e d  f o r  a one-week p e r i o d  i n  w h i c h  ( a )  b a s i c  

p s y c h o p h y s i c a l  measures  were o b t a i n e d  on t h r e s h o l d s  and dynamic ranges f o r  

p u l s a t i l e  s t i m u l i ,  (b )  a v a r i e t y  of  IP  p r o c e s s o r s  was e v a l u a t e d  w i t h  t e s t s  

of vowel and consonant  c o n f u s i o n s ,  and ( c )  t h e  b e s t  of t h e s e  I P  p r o c e s s o r s  

was e v a l u a t e d  u s i n g  a b r o a d  s p e c t r u m  of  s p e e c h  t e s t s .  The  s p e e c h  t e s t s  

i n c l u d e d  a 1  1 s u b t e s t s  o f  t h e  M i n i m a l  A u d i t o r y  C a p a b i l i t i e s  (MAC) b a t t e r y  

(Owens et a l . ,  1985) ;  t h e  D i a g n o s t i c  D i s c r i m i n a t i o n  Test (DDT) o f  c o n s o n a n t  

c o n f u s i o n s  ( G r e t h e r  a n d  K e s s l e r ,  1 9 8 5 ) ;  s p e e c h  t r a c k i n g  ( D e  P i l i p p o  a n d  

S c o t t ,  1978; Owens and T e l l e e n ,  1981); and  t h e  IOWA t e s t  of  m e d i a l  c o n s o n a n t  

i d e n t i f i c a t i o n  w i t h  s p e e c h r e a d i n g  c u e s  ( T y l e r  aJ., 1983). Compara t ive  

d a t a  f o r  t h e  CAO p r o c e s s o r  were o b t a i n e d  f rom t h e  MAC,  t r a c k i n g  a n d  DDT 

t e s t s  a d m i n i s t e r e d  on a p r e v i o u s  o c c a s i o n  ( w i t h i n  t h e  3 months p r e c e e d i n g  

t h e  p r e s e n t  t e s t s )  as p a r t  of  t h e  c l i n i c a l  t r i a l s  o f  t h e  U C S F / S t o r z  

p r o s t h e s i s .  A r e p e a t  t e s t  o f  t h e  CAO p r o c e s s o r  was a d m i n i s t e r e d  i n  a l l  

cases  w h e r e  a l a r g e  d i f f e r e n c e  i n  s c o r e s  was f o u n d  f o r  t h e  two  t y p e s  of 

p r o c e s s o r .  F i n a l l y ,  t h e  IOWA t e s t  was performed f o r  b o t h  p r o c e s s o r s  and  f o r  

' t h e  l i p r e a d i n g - o n l y  c o n d i t i o n  d u r i n g  o u r  o n e  week o f  s t u d i e s  w i t h  e a c h  

p a t i e n t .  
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Because all patients had substantial experience with the CAO processor 

at the time of our studies, we expected that the strong learning effects of 

such experience. would heavily favor the CAO processor in the comparisons. 

In a typical situation experience with the CAO processor would approximate 1 

year of daily use, while experience with the real-time implementation of the 

IP processor would be between 15 and 30 minutes before commencement of our 

formal tests. Therefore, the percepts produced by the IP processor would 
have to be of immediate use in order f o r  the results from this processor to 

be at all comparable to the results from the CAO processor. 

An additional factor weighing in favor of the CAO processor was the use 

of the 4-channel UCSF/Storz transcutaneous transmission interface. The 

principal limitations of this interface for IP processors are (a) inadequate 
levels of voltage compliance for stimulation with short-duration pulses, (b) 

a small number of channels, and (c) lack of current control in the stimulus 
waveforms. Previous measurements (see Appendix 1; QPRs 2 and 4, NIH project 

N01-NS-5-2396) of performance changes with parametric manipulations in IP 
processors have indicated that good per-formance appears to depend on the 

following, in approximate order of importance: 

1. 

2. 

3. 

4 .  

Total number of channels (large increases in performance are found 

when the number of channels is increased from 2 to 4 and from 4 to 

6) ; 

Number of channel s updated per round-robin cycle (performance in 

tests of consonant identification declines precipitously if this 

number falls below 4 ) ;  

Total duration of each round-robin cycle (performance gets better 

as duration is decreased, and is markedly better when the duration 

is less than 4-5 msec); 

Time between pulses (performance improves as the t i n e  between 

pulses is increased, up to the point at which the total duration 

of the round-robin cycle begins to exceed 4-5 msec); and 
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5. E x p l i c i t  c o d i n g  of v o i c i n g  i n f o r m a t i o n  (pe r fo rmance  is be t te r  w i t h  

e x p l i c i t  cod ing  of v o i c i n g  i n f o r m a t i o n ,  and  t h e  p e r c e p t s  e l i c i t e d  

w i t h  p r o c e s s o r s  t h a t  u se  s u c h  cod ing  are d e s c r i b e d  as more n a t u r a l  

and s p e e c h l i k e ) ;  

The  s m a l l  number  of  c h a n n e l s  a n d  l i m i t e d  v o l t a g e  compliance o f  t h e  

t r a n s c u t a n e o u s  t r a n s m i s s i o n  i n t e r f a c e  g e n e r a l l y  p l a c e  s e v e r e  r e s t r i c t i o n s  on 

m e e t i n g  t h e  c r i t e r i a  o f  p o i n t s  1, 3 and  4 a b o v e .  The l a c k  of c u r r e n t  

c o n t r o l  p r o b a b l y  i n t r o d u c e s  d i s t o r t i o n s  i n  s t i m u l u s  w a v e f o r m s  t h a t  may 

exacerbate c h a n n e l  i n t e r a c t i o n s  and produce  t r i a l - t o - t r i a l  v a r i a b i l i t y  i n  

l o u d n e s s  judgments .  In  a l l ,  t h e n ,  t h e  r e q u i r e m e n t s  o f  t i g h t  c o n t r o l  of t h e  

t i m i n g  a n d  w a v e f o r m s  of  s t i m u l i  f o r  o p t i m i z e d  I P  p r o c e s s o r s  a r e  o n l y  

p a r t i a l l y  met w i t h  t h e  u s e  o f  t h e  t r a n s c u t a n e o u s  t r a n s m i s s i o n  sys t em.  

I 

I 
A f i n a l  l i m i t a t i o n  posed by p a r t i c u l a r  p a t i e n t s  i n  t h i s  s t u d y  was t h e  

f a c t  t h a t  h a l f  of t h e  p a t i e n t s  had f e w e r  t h a n  f o u r  f u n c t i o n a l  c h a n n e l s .  The 

l o s s  of  o n e  or two c h a n n e l s  i n  e a c h  of these cases  h a s  b e e n  a t t r i b u t e d  t o  

f l u i d  o r  p a r t i c u l a t e  c o n t a m i n a t i o n  a d m i t t e d  t o  t h e  c o n n e c t o r  a s s e m b l y  d u r i n g  

s u r g e r y  ( S c h i n d l e r  e t  a l . ,  1986). T h i s  con tamina t ion  most l i k e l y  p roduced  a 

smal l  d c  p o t e n t i a l  a t  t h e  e l e c t r o d e s  o f  s e l e c t e d  c h a n n e l s  v i a  a b a t t e r y  

a c t i o n  b e t w e e n  two  d i s s i m i l a r  meta ls  b r i d g e d  by  t h e  f l u i d .  A l s o ,  a 

con taminan t  o f  c o n d u c t i v e  f l u i d  (such as s a l i n e  o r  b l o o d )  c o u l d  ac t  t o  s h o r t  

e l e c t r o d e  c o n t a c t s .  Changes i n  a u d i t o r y  p e r c e p t s  p r e c e d i n g  t h e  loss of a 

c h a n n e l  i n  t h e s e  p a t i e n t s  f a v o r s  t h e  "dc  l e a k "  h y p o t h e s i s .  A l t h o u g h  t h e  

p r o b l e m  o f  c o n t a m i n a t i o n  h a s  s i n c e  b e e n  s o l v e d  by m o d i f y i n g  t h e  s u r g i c a l  

p r o c e d u r e  a n d  t h e  d e s i g n  o f  t h e  c o n n e c t o r  a s s e m b l y ,  a l l  p a t i e n t s  i n  t h e  

p r e s e n t  s e r i e s  w e r e  i m p l a n t e d  b e f o r e  t h e  p r o b l e m  was e v i d e n t  a n d  b e f o r e  

t h e s e  r e v i s i o n s  had been made. As a consequence two p a t i e n t s  i n  t h e  series 

had o n l y  t h r e e  f u n c t i o n a l  c h a n n e l s  and  one p a t i e n t  had o n l y  two f u n c t i o n a l  

c h a n n e l s .  Because t h e  per formance  of  I P  p r o c e s s o r s  is s t r o n g l y  d e p e n d e n t  on 

t h e  t o t a l  number of c h a n n e l s ,  we e x p e c t e d  t h a t  IP p r o c e s s o r s  migh t  s u f f e r  i n  
c o m p a r i s o n s  w i t h  CAO p r o c e s s o r s  a s  t h e  number  o f  f u n c t i o n a l  c h a n n e l s  was 

r e d u c e d .  

I 

I 
A l t h o u g h  t h e  d a t a  f r o m  o u r  " s i x  p a t i e n t s "  s t u d y  h a v e  n o t  b e e n  f u l l y  

a n a l y z e d ,  w e  can s t a t e  some g e n e r a l  f i n d i n g s  and c o n c l u s i o n s  a t  t h i s  time. 

' F i r s t ,  o v e r a l l  per formance  of. t h e  IP  p r o c e s s o r  was immedia t e ly  as  good as o r  
b e t t e r  t h a n  t h e  CAO p r o c e s s o r  i n  f i v e  of t h e  s i x  s t u d i e d  p a t i e n t s .  More  
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s p e c i f i c a l l y ,  f o r  t h i s  p a r t i c u l a r  p o p u l a t i o n  of p a t i e n t s  (wi th  4 o r  f e w e r  

c h a n n e l s  a n d  w i t h  many s i g n s  of b e t t e r  n e r v e  s u r v i v a l  t h a n  o u r  two  c a b l e  

p a t i e n t s ) ,  two d i d  b e t t e r  w i t h  t h e  I P  p r o c e s s o r ,  o n e  d i d  much b e t t e r  w i t h  

t h e  C A O  p r o c e s s o r ,  a n d  t h e  r e m a i n i n g  t h r e e  h a d  e s s e n t i a l l y  i d e n t i c a l  

per formance  w i t h  t h e  two t y p e s  of p r o c e s s o r .  The two p a t i e n t s  w i t h  s u p e r i o r  

per formance  u s i n g  t h e  IP  p r o c e s s o r  a l s o  had t h e  most f a v o r a b l e  match t o  the  

c r i t e r i a  l i s t e d  on page 6 f o r  "opt imized"  a p p l i c a t i o n s  of such p r o c e s s o r s .  

I n  p a r t i c u l a r ,  b o t h  t h e s e  p a t i e n t s  h a d  f o u r  f u n c t i o n a l  c h a n n e l s  and h a d  

dynamic r a n g e s  t h a t  c o u l d  be  spanned w i t h  s h o r t - d u r a t i o n  p u l s e s .  I n  t h e s e  

p a t i e n t s  a 1  1 f o u r  c h a n n e l s  c o u l d  be u p d a t e d  i n  a " r o u n d - r o b i n  c y c l e "  o f  5 

msec o r  less. Both p a t i e n t s  remarked t h a t  t h e  I P  p r o c e s s o r  sounded c learer ,  

more i n t e l l i g i b l e  and  more n a t u r a l  t h a n  t h e  CAO p r o c e s s o r  of  t h e i r  c l i n i c a l  
d e v i c e .  

Among t h e  t h r e e  p a t i e n t s  w i t h  e s s e n t i a l  l y  i d e n t i c a l  per formance  us ing  

t h e  two t y p e s  o f  p r o c e s s o r ,  two h a d  t h r e e  f u n c t i o n a l  c h a n n e l s  a n d  o n e  h a d  

f o u r  f u n c t i o n a l  c h a n n e l s .  The p a t i e n t  w i t h  f o u r  f u n c t i o n a l  c h a n n e l s  h a d  

h i g h  t h r e s h o l d s  f o r  p u l s a t i l e  s t i m u l i .  TO map such  s t i m u l i  i n t o  h i s  a u d i b l e  

dynamic r a n g e  w e  were f o r c e d  t o  u s e  b road-dura t ion  p u l s e s .  T h e r e f o r e ,  t h e  

c o n f l i c t i n g  r e q u i r e m e n t s  of  c r i t e r i a  2 ,  3 and 4 on page 6 were n o t  w e l l  met 

w i t h  t h i s  p a t i e n t .  A f t e r  e v a l u a t i o n  of  many a l t e r n a t i v e s  ( u s i n g  t h e  vowel 

and  consonan t  c o n f u s i o n  t e s t s ) ,  we ended up w i t h  a compromise t h a t  seemed to  

p r o v i d e  t h e  b e s t  b a l a n c e  among t h e s e  r e q u i r e m e n t s .  The " c o m p r o m i s e  

p r o c e s s o r "  u p d a t e d  a l l  f o u r  c h a n n e l s  i n  e a c h  r o u n d - r o b i n  c y c l e ,  a n d  t h e  

t o t a l  d u r a t i o n  of one round-robin  c y c l e  was 6.3 msec. Even though t h e  l o n g  

d u r a t i o n  of each  u p d a t e  c y c l e  is  c l e a r l y  i n  v i o l a t i o n  of c r i t e r i o n  3 on page  

6.  p e r f o r m a n c e  of  t h i s  I P  p r o c e s s o r  was e s s e n t i a l l y  i d e n t i c a l  t o  t h e  

per formance  oc thr CAO process@- 

The p a t i e n t  who d i d  b e t t e r  w i t h  t h e  C A O  p r o c e s s o r  h a d  o n l y  t w o  

f u n c t i o n a l  c h a n n e l s .  T h i s  number of  c h a n n e l s  i s  c e r t a i n l y  t o o  few f o r  e v e n  

a g r o s s  r e p r e s e n t a t i o n  of  t h e  s p e e c h  s p e c t r u m  w i t h  a n  I P  p r o c e s s o r .  

However, s p e c t r a l  d e t a i l s  i n  t h e  a n a l o g  waveforms of  t h e  CAO p r o c e s s o r  m i g h t  

be p e r c e i v e d  up t h r o u g h  t h e  f i r s t  fo rman t  f r equency  f o r  c e r t a i n  f o r t u n a t e  

p a t i e n t s ,  e v e n  f o r  one  o r  two c h a n n e l s  of s t i m u l a t i o n  (see,  e.g., Edd ing ton ,  

1983;  Hochmair and Hochmair-Desoyer, 1985; White,  1983).  Th i s  two-channel  

p a t i e n t  c e r t a i n l y  seemed  t o  f a l l  i n t o  t h i s  c a t e g o r y  i n a s m u c h  a s  h i s  

p e r f o r m a n c e  o n  t h e  o p e n - s e t  M A C  t e s t s  u s i n g  t h e  CAO p r o c e s s o r  was 

o u t s t a n d i n g  ( i . e . ,  t h e  score  . f o r  s p o n d e e  r e c o g n i t i o n  was 20/25, f o r  C I D  

.__ - 

I 

I 
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s e n t e n c e s  8 4 / 1 0 0 ,  f o r  w o r d s  i n  c o n t e x t  2 0 / 5 0 ,  a n d  f o r  N U # 6  m o n o s y l l a b i c  

words 20/50).  H i s  pe r fo rmance  w i t h  t h e  two-channel I P  p r o c e s s o r  was s t i l l  

q u i t e  g o o d ,  b u t  n o t  q u i t e  u p  t o  t h e  s t e l l a r  l e v e l s  o b t a i n e d  w i t h  t h e  CAO 

p r o c e s s o r  ( I P  p r o c e s s o r  s c o r e s  were 18 /25  f o r  spondee r e c o g n i t i o n ,  S l / l O O  

f o r  C I D  s e n t e n c e s ,  6/50 f o r  words i n  c o n t e x t ,  and 8 /50  f o r  t h e  NU#6 words).  

I n  c o n c l u s i o n ,  we r e g a r d  t h e  r e s u l t s  from t h e  s t u d i e s  o u t l i n e d  a b o v e  as 

h i g h l y  e n c o u r a g i n g  inasmuch as t h e  I P  p r o c e s s o r s  were t e s t e d  unde r  a d v e r s e  

c o n d i t i o n s .  S p e c i f  i c a l  l y ,  1 i m i t a t i o n s  of t h e  t r a n s c u t a n e o u s  t r a n s m i s s i o n  

i n t e r f a c e  c o m p e l l e d  u s  t o  u s e  f ewer  c h a n n e l s ,  b r o a d e r  p u l s e  d u r a t i o n s  and 

l o n g e r  times between p u l s e s  t h a n  t h e  more optimum v a l u e s  d e t e r m i n e d  i n  o u r  

p r e v i o u s  s t u d i e s  w i t h  p e r c u t a n e o u s  c a b l e  p a t i e n t s .  A l s o ,  e a c h  p a t i e n t  i n  
t h e  "series of s i x "  had a p p r o x i m a t e l y  one y e a r  of e x p e r i e n c e  w i t h  t h e i r  CAO 

p r o c e s s o r  v e r s u s  a p p r o x i m a t e l y  15 m i n u t e s  o f  e x p e r i e n c e  w i t h  t h e  I P  

p r o c e s s o r  w h e n  w e  c o n d u c t e d  o u r  t e s t s .  T h e r e f o r e ,  e v e n  a r o u g h  

c o r r e s p o n d e n c e  i n  r e s u l t s  between t h e  two p r o c e s s o r s  would suggest t h a t  ( a )  

I P  p r o c e s s o r s  c a n  be e f f e c t i v e l y  a p p l i e d  across  a b road  spec t rum of p a t i e n t s  

( a n d  n o t  j u s t  p a t i e n t s  w i t h  p s y c h o p h y s i c a l  m a n i f e s t a t i o n s  o f  p o o r  n e r v e  

s u r v i v a l )  a n d  ( b )  b e t t e r  o p t i m i z e d  I P  p r o c e s s o r s  m i g h t  p r o d u c e  v e r y  

s u b s t a n t i a l  g a i n s  i n  performance o v e r  t h e  1 i m i t e d  p r o c e s s o r s  e v a l u a t e d  i n  

t h i s  s t u d y .  The e q u i v a l e n t  o r  s u p e r i o r  r e s u l t s  o b t a i n e d  w i t h  t h e  I P  

p r o c e s s o r  f o r  f i v e  of o u r  s i x  p a t i e n t s  c e r t a i n l y  s u p p o r t  t h e s e  c o n c l u s i o n s .  

The  o u t s t a n d i n g  p e r f o r m a n c e  o f  t h e  C A O  p r o c e s s o r  i n  t h e  s i x t h  p a t i e n t  

f u r t h e r  s u g g e s t s  t h a t  a v a r i e t y  of p r o c e s s i n g  s t ra teg ies  s h o u l d  be a v a i l a b l e  

i n  o r d e r  t o  o b t a i n  t h e  b e s t  r e s u l t s  f o r  i n d i v i d u a l  i m p l a n t  p a t i e n t s .  

A c o m p l e t e  p r e s e n t a t i o n  of t h e  r e s u l t s  from our  "six p a t i e n t s "  s t u d i e s  

w i l l  be t h e  s u b j e c t  of a f u t u r e  r e p o r t .  

F u r  t h  er D ev e l  opme n t  a nd App 1 i ca ti  on 

o f  a P o r t a b l e  Speech P r o c e s s o r  

The r e a l - t i m e  p r o c e s s o r  d e s c r i b e d  i n  QPR 3 f o r  t h i s  p r o j e c t  h a s  b e e n  

r e f i n e d  a n d  p a c k a g e d  i n  a p o r t a b l e  u n i t  f o r  t a k e - h o m e  use by  o u r  p r e s e n t  

c a b l e  p a t i e n t .  The s t r a t e g y  i m p l e m e n t e d  i s  a 6 - c h a n n e l  IP p r o c e s s o r  

o p t i m i z e d  f o r  h e r  u se .  Because s h e  works i n  a n  e x t r e m e l y  n o i s y  e n v i r o n m e n t  

( a  b a i t  a n d  t a c k l e  s h o p  w i t h  l o u d  c o m p r e s s o r s  f o r  minnow t a n k s ,  e t c . ) ,  

f u r t h e r  d e s i g n  changes  h a v e  been made t o  improve t h e  p r o c e s s o r ' s  resistance 
i 
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t o  n o i s e .  T h e s e  i m p r o v e m e n t s  a n d  q u a n t i t a t i v e  m e a s u r e s  o f  p r o c e s s o r  

p e r f o r m a n c e  w i l l  b e  p r e s e n t e d  i n  a f u t u r e  QPR. F o r  now, t h o u g h ,  w e  a r e  

p l e a s e d  t o  r e p o r t  t h a t  t h e  performance of t h e  p o r t a b l e  p r o c e s s o r  a p p e a r s  t o  

be f u l l y  e q u i v a l e n t  t o  t h e  performance of t h e  bench and computer -s imula ted  

p r o c e s s o r s ,  and t h a t  t h e  i n i t i a l  e x p e r i e n c e  wi th  our  f i r s t  f i e l d  t r i a l  of 

t h e  p o r t a b l e  p r o c e s s o r  h a s  been most encourag ing .  
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111. P l a n s  f o r  t h e  Next Quarter 

Our p l a n s  f o r  t h e  n e x t  q u a r t e r  i n c l u d e  t h e  f o l l o w i n g :  

1.  Con t inue  ongoing p s y c h o p h y s i c a l  and speech  p e r c e p t i o n  s t u d i e s  wi th  

p a t i e n t  MH;  

2 .  Cont inue  d e v e l o p m e n t  of t h e  p o r t a b l e  p r o c e s s o r ,  m a i n l y  t o  r e d u c e  

power consumption and t o  i n c r e a s e  i t s  f l e x i b i l i t y  f o r  i m p l e m e n t i n g  

d i f f e r e n t  p r o c e s s i n g  s t ra teg ies ;  

3. S t u d y  a p a t i e n t  i m p l a n t e d  w i t h  t h e  3M/Vienna  e x t r a c o c h l e a r  

p r o s t h e s i s ,  t o  e v a l u a t e  a l t e r n a t i v e  p r o c e s s i n g  s t r a t e g i e s  f o r  

s i n g  1 e-channe 1 imp l a n t  s : 

4 .  P r e p a r e  a m a n u s c r i p t  d e s c r i b i n g  o u r  r e c e n t  s t u d i e s  w i t h  t h e  s i x  

p a t i e n t s  i m p l a n t e d  w i t h  t h e  4-ct ianne 1 UCSF/S to rz  t r a n s c u t a n e o u s  

s y s t e m ;  and  

5 .  P r e s e n t  p r o j e c t  r e s u l t s  a t  t h e  N a t i o n a l  Mee t ing  of t h e  T r i o l o g i c a l  

S o c i e t y  i n  A p r i l  a n d  a t  t h e  Gordon C o n f e r e n c e  on I m p l a n t a b l e  

A u d i t o r y  P r o s t h e s e s  t h i s  J u n e .  

11 



T V .  R e f e r e n c e s  

De F i l i p p o ,  C.L.. and S c o t t ,  B.L.: A Method f o r  T r a i n i n g  and E v a l u a t i n g  t h e  

R e c e p t i o n  o f  O n g o i n g  S p e e c h .  J .  A c o u s t .  SOC.  A m . ,  63: 1186-1192, 

1978. 

E d d i n g t o n ,  D . K . :  S p e e c h  R e c o g n i t i o n  i n  Deaf S u b j e c t s  w i t h  M u l t i c h a n n e l  

I n t r a c o c h l e a r  E l e c t r o d e s .  Ann. N .Y . Acad. S c i . ,  405: 241-258, 1983. 

G r e t h e r ,  C.B.  a n d  Kessler ,  D . K . :  The D i a g n o s t i c  D i s c r i m i n a t i o n  Tes t  (DDT). 

L a b o r a t o r y  R e p o r t .  U n i v e r s i t y  of C a l i f o r n i a  a t  S a n  F r a n c i s c o ,  

Department of O t o l a r y n g o l o g y ,  1985. 

H o c h m a i r ,  E.S. a n d  H o c h m a i r - D e s o y e r ,  I . J . :  A s p e c t s  o f  S o u n d  S i g n a l  

P r o c e s s i n g  U s i n g  t h e  V i e n n a  I n t r a -  a n d  E x t r a c o c h l e a r  I m p l a n t s .  I n  

C o c h l e a r  I m p l a n t s ,  R.A. S c h i n d l e r  a n d  M.M. M e r z e n i c h  ( E d s . ) ,  Raven 

P r e s s ,  N e w  York, 1985, pp .  101-110. - 

Owens, E . ,  Kessler,  D.K. ,  Raggio,  M., et a.,: A n a l y s i s  and R e v i s i o n  of t h e  

M i n i m a l  A u d i t o r y  C a p a b i l i t i e s  ( M A C )  B a t t e r y .  Ear Hear . ,  6: 280-287, 

1985. 

Owens, E .  a n d  T e l l e e n ,  C . :  T r a c k i n g  a s  a n  A u r a l  R e h a b i l i t a t i v e  P r o c e s s .  

J .  Acad. R e h a b i l .  A u d i o l . ,  14: 259-273, 1981. 

S c h i n d l e r ,  R . A . ,  K e s s l e r ,  D.K., R e b s c h e r ,  S . J . ,  et a l . :  ' T h e  U C S F / S t o r z  

M u l t i c h a n n e l  C o c h l e a r  I m ~ l a n t :  D-t--~.nf D n o t i l  + C  1 a-qmrnr.e*nna OR. 

597-603, 1986. 

T y l e r ,  R .S . .  P r e e c e ,  J .P.  a n d  Lowder ,  M . W . :  The Iowa C o c h l e a r - I m p l a n t  T e s t  

B a t t e r y .  L a b o r a t o r y  R e p o r t .  U n i v e r s i t y  o f  Iowa a t  Iowa C i t y ,  

Department of Otolaryngology-Head and Neck S u r g e r y ,  1983. 

W h i t e ,  M.W.: Formant Frequency D i s c r i m i n a t i o n  and R e c o g n i t i o n  i n  S u b j e c t s  

I m p l a n t e d  w i t h  I n t r a c o c h l e a r  S t i m u l a t i n g  E l e c t r o d e s .  A n n .  N.Y. Acad. 

- S c i . ,  405: 348-359, 1983. 

1 2  



Comparative Studies of Speech Processing 

Strategies for Cochlear Implants 

BS Wilson1P2, CC Finleyl, JC Farmer, Jr. 2 , 

DT Lawsonl, EA Weber', RD Wolford2, PD Kenan', 

MW White3, MM Merzenich' and RA Schindler4 

INeuroscience Program Off ice, Research Triangle Institute, 
Research Triangle Park, NC 27709. 

'Division of Otolaryngology and Center for Speech and 
Hearing Disorders, Department of Surgery, Duke University 
Medical Center, Durham, NC 27710. 

3Electrical and Computer Engineering Department, North 
Carolina State University, Raleigh, NC 27695. 

4Departrnent of Otolaryngology and Coleman and Epstein 
Laboratories, University of C a l i f o r n i a  at San Francisco, 
San Francisco, CA 94143. 

Presented in part at the National Meeting of  the Triological Society, A p r i l  
28, 1987, Denver, CO. 

Reprint o r  editing correspondence should be sent to: 

Blake S .  Wilson 
Neuroscience Program Office 
Research Triangle Institute 
Research Triangle Park, NC 27709. 

Telephone: (919) 541-6974 

/3  



. -  ,‘.. . .-A, E -_  . ~’r-dcess;ng Strategies . ,i- Luc!llear :rnij,d:,ts 

ABSTRACT 

2 

I n  s t u d i e s  of two p a t i e n t s  i m p l a n t e d  w i t h  t h e  UCSF e l e c t r o d e  a r r a y  a n d  

f i t t e d  w i t h  p e r c u t a n e o u s  c a b l e s ,  o u r  teams a t  UCSF and Duke h a v e  compared a 

w i d e  v a r i e t y  o f  s p e e c h - p r o c e s s i n g  s t r a t e g i e s  f o r  m u l t i c h a n n e l  a u d i t o r y  

p r o s t h e s e s .  Each s t r a t e g y  was e v a l u a t e d  u s i n g  tests of vowel  and c o n s o n a n t  

c o n f u s i o n s ,  w i t h  a n d  w i t h o u t  l i p r e a d i n g .  I n c l u d e d  were t h e  c o m p r e s s e d -  

a n a l o g - o u t p u t s  a p p r o a c h  o f  t h e  p r e s e n t  UCSF/Storz p r o s t h e s i s  and a g r o u p  o f  

i n t e r l e a v e d - p u l s e s  ( I P )  s t r a t e g i e s  i n  w h i c h  t h e  a m p l i t u d e s  o f  non- 

s i m u l t a n e o u s  p u l s e s  code  t h e  s p e c t r a l  v a r i a t i o n s  of s p e e c h .  For t h e s e  two 

p a t i e n t s ,  e a c h  w i t h  p s y c h o p h y s i c a l  m a n i f e s t a t i o n s  o f  poor  n e r v e  s u r v i v a l ,  

s c o r e s  were s i g n i f i c a n t l y  h i g h e r  w i t h  t h e  I P  p r o c e s s o r s  t h a n  w i t h  a n y  

a3 t e r n a t i v e  s t r a t e g y  t e s t e d .  We b e l  i e v e  t h i s  s u p e r i o r  pe r fo rmance  r e s u l t s  

f r o m  (1)  t h e  s u b s t a n t i a l  “ r e l e a s e ”  f r o m  c h a n n e l  i n t e r a c t i o n s  p r o v i d e d  b y  

n o n - s i m u l t a n e o u s  s t i m u l i ,  and ( 2 )  a f a s t  enough r o t a t i o n  among t h e  c h a n n e l s  

t o  e n s u r e  a d e q u a t e  t e m p o r a l  a n d  s p e c t r a l  r e s o l u t i o n .  S u c h  I P  p r o c e s s o r s  

o f f e r  s u b s t a n t i a l  i m p r o v e m e n t  i n  t h e  o t h e r w i s e  d i s m a l  p e r f o r m a n c e  o f  

p a t i e n t s  w i t h  poor  n e r v e  s u r v i v a l .  
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i n  l a t e  1983 we began a c o l l a b o r a t i v e  p r o j e c t  among R e s e a r c h  T r i a n g l e  

I n s t i t u t e  ( R T I ) ,  t h e  U n i v e r s i t y  o f  C a l i f o r n i a  a t  S a n  F r a n c i s c o  ( U C S F )  a n d  

Duke U n i v e r s i t y  M e d i c a l  C e n t e r  ( D U M C )  t o  d e v e l o p  s p e e c h  p r o c e s s o r s  for 

m u l t i c h a n n e l  a u d i t o r y  p r o s t h e s e s .  From t h e  o u t s e t  an i m p o r t a n t  aim was t o  

compare a 1  t e r n a t i v e  p r o c e s s i n g  s t ra teg ies  i n  t es t s  w i t h  i n d i v i d u a l  implant  

p a t i e n t s .  I n  t h i s  way we c o u l d  p r o v i d e  h i t h e r t o  u n r e a l i z e d  c o n t r o l s  f o r  

d i f f e r e n c e s  among p a t i e n t s  i n  (1 )  t h e  p a t t e r n s  o f  n e u r a l  s u r v i v a l  a t  t h e  

p e r i p h e r y ,  ( 2 )  t h e  i n t e g r i t y  o f  t h e  c e n t r a l  a u d i t o r y  s y s t e m ,  a n d  (3) 

c o g n i t i v e  s k i 1  1 a n d  l a n g u a g e  a c q u i s i t i o n .  I n  a d d i t i o n ,  c o m p a r i s o n s  o f  

p r o c e s s i n g  s t r a t e g i e s  w i t h  i n d i v i d u a l  p a t i e n t s  w o u l d  a l l o w  u s  t o  u s e  a 

s i n g l e  t y p e  of  e l e c t r o d e  a r r a y  a n d  t o  c o n d u c t  t e s t s  i n  a u n i f o r m  a n d  

c o n s i s t e n t  manner a c r o s s  s t r a t eg ie s ,  

The  i n i t i a l  p e r i o d  of our p r o j e c t  was d e v o t e d  t o  c o n s t r u c t i o n  of 

a d v a n c e d  t o o l s  f o r  c o m p a r i s o n s  of  many d i f f e r e n t  s t r a t e g i e s  i n  tes ts  w i t h  

i n d i v i d u a l  p a t i e n t s .  P r i m a r y  among t h e s e  t o o l s  i s  a s o f t w a r e  package  f o r  

s p e c i f i c a t i o n  a n d  s i m u l a t i o n  of  a l a r g e  v a r i e t y  o f  s p e e c h  p r o c e s s o r s  for 

a u d i t o r y  p r o s t h e s e s . *  T h i s  s o f t w a r e  r u n s  on E c l i p s e  S-130 ( a t  UCSF) and S- 

1 4 0  ( a t  D U M C )  compute r s  i n  o u r  c o c h l e a r  i m p l a n t  l a b o r a t o r i e s .  The o u t p u t s  

of t h e  computer  s i m u l a t i o n s  a re  p r e s e n t e d  t o  t h e  p a t i e n t  v i a  a s p e c i a l l y -  

d e s i g n e d  h a r d w a r e  i n t e r f a c e 2  t h a t  (1 )  s u p p o r t s  a h i g h  b a n d w i d t h  of 

i n f o r m a t i o n  t r a n s m i s s i o n  t o  as many as e i g h t  s t i m u l a t i o n  c h a n n e l s ,  a n d  (2) 

I 

i s o l a t e s  t h e  p a t i e n t  e l e c t r i c a l l y  from t h e  computer  equ ipmen t .  S t i m u l i  a r e  

d e l i v e r e d  t o  t h e  i m p l a n t e d  e l e c t r o d e  a r r a y  e i t h e r  t h r o u g h  t h e  f o u r - c h a n n e l  

t r a n s c u t a n e o u s  t r a n s m i s s i o n  s y s t e m  of t h e  UCSF/Storz p r o s t h e s  is3 o r  t h r o u g h  

a p e r c u t a n e o u s  c a b l e . *  Use of t h e  p e r c u t a n e o u s  c a b l e  a l l o w s  access t o  a l l  

16 e l e c t r o d e  c o n t a c t s  i n  t h e - a r r a y  (which a re  u s u a l l y  c o n f i g u r e d  as e i g h t  

b i p o l a r  p a i r s )  a n d  , c o n t r o l  o f  t h e  c u r r e n t  o r  v o l t a g e  w a v e f o r m s  of t h e  



s t i m u l i .  I n  c o n t r a s t ,  a l t e r n a t i n g  p a i r s  of b i p o l a r  e l e c t r o d e s  a r e  assigned 

t o  t h e  f o u r  c h a n n e l s  o f  t h e  t r a n s c u t a n e o u s  s y s t e m  a n d  t h e  c u r r e n t  a n d  

v o l t a g e  w a v e f o r m s  o f  t h e  s t i m u l i  d e p e n d  c o m p l e x l y  on t h e  n o n l i n e a r  

i m p e d a n c e s  o f  t h e  e l e c t r o d e s .  We t h e r e f o r e  p r e f e r  t h e  c a b l e  f o r  s t u d i e s  

d i r e c t e d  a t  measurements  of  p s y c h o p h y s i c a l  pe r fo rmance  or  a t  c o m p a r i s o n s  of 

a l t e r n a t i v e  p r o c e s s i n g  s t ra teg ies .  

I n  t h i s  r e p o r t  we w i l l  s u m m a r i z e  f i n d i n g s  f r o m  t w o  c a b l e  p a t i e n t s  i n  

o u r  c o l  l a b o r a t i v e  s t u d y .  Among t h e  many p r o c e s s i n g  s t r a t eg ie s  t e s t e d  f o r  

b o t h  p a t i e n t s ,  l a r g e  d i f f e r e n c e s  i n  p e r f o r m a n c e  were f o u n d  b e t w e e n  t h e  

c o m p r e s s e d - a n a l o g - o u t p u t s  ( C A O )  p r o c e s s o r  o f  t h e  p r e s e n t  U C S F / S t o r z  

p r o s t h e s i s  a n d  a t y p e  of i n t e r l e a v e d - p u l s e s  ( I P )  p r o c e s s o r  i n  w h i c h  t h e  

a m p l i t u d e s  of n o n - s i m u l t a n e o u s  p u l s e s  code  t h e  s h o r t - t i m e  s p e c t r a  of  s p e e c h .  

To e m p h a s i z e  t h e  i m p o r t a n c e  of  t h e  p r o c e s s i n g  s t r a t e g y  o n  t h e  o u t c o m e  for  

i n d i v i d u a l  p a t i e n t s ,  we w i l l  r e s t r i c t  o u r s e l v e s  h e r e  t o  b r i e f  d e s c r i p t i o n s  

of  t es t s  r e l a t e d  t o  t h e s e  two t y p e s  of p r o c e s s o r .  D e t a i l e d  d e s c r i p t i o n s  of 

t h e  p r e s e n t  t e s t s ,  a l o n g  w i t h  t h e  r e s u l t s  o b t a i n e d  w i t h  o t h e r  p r o c e s s i n g  
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Both p a t i e n t s  i n  t h i s  s t u d y  were s e l e c t e d  and i m p l a n t e d  a c c o r d i n g  t o  

p r o c e d u r e s  e s t a b l i s h e d  by t h e  UCSF team.3v899 P a t i e n t  LP w a s  i m p l a n t e d  a t  

UCSF i n  May,  1 9 8 5 .  H i s  h i s t o r y  i n c l u d e d  b o u t s  o f  s e v e r e  b u t  c u r r e n t l y  

i n a c t i v e  o t i t i s  m e d i a  a n d  m a s t o i d i t i s  b i l a t e r a l l y .  He h a d  a r a d i c a l  

mas to idec tomy pe r fo rmed  on t h e  r i g h t  s i d e  i n  1941 and had a " c a n a l w a l l - d o w n ' '  

m o d i f i e d  r a d i c a l  m a s t o i d e c t o m y  o n  t h e  l e f t  s i d e  i n  1953. L P  e x p e r i e n c e d  

g r a d u a l  l o s s  of  h e a r i n g  i n  b o t h  ears t h e r e a f t e r .  He was p r o f o u n d l y  d e a f  by 

a g e  55, n i n e  y e a r s  p r i o r  t o  h i s  i m p l a n t  o p e r a t i o n  on t h e  l e f t  side. LP was 

h i g h l y  m o t i v a t e d  t o  h a v e  a n  i m p l a n t  e v e n  a f t e r  a most t h o r o u g h  d i s c u s s i o n  o f  

t h e  p o s s i b l e  r i s k s ,  c o m p l i c a t i o n s  and a l t e r n a t i v e s .  

As i n d i c a t e d  i n  d e t a i l  e l ~ e w h e r e , ~  t h e  p s y c h o p h y s i c a l  p e r f o r m a n c e  of LP 

a l o n g  a l m o s t  e v e r y  measured d imens ion  was worse t h a n  a n y  p r e v i o u s  p a t i e n t  i n  

t h e  UCSF e x p e r i m e n t a l  s e r i e s .  Among t h e  f i n d i n g s  o f  t h e  p s y c h o p h y s i c a l  

s t u d i e s  were t h e  f o l l o w i n g :  

1 .  T h r e s h o l d s  f o r  s t i m u l i  d e l i v e r e d  t o  p a i r s  of b i p o l a r  e l ec t rodes  

were much h i g h e r  t h a n  t h r e s h o l d s  f o r  t h e  same s t i m u l i  d e l i v e r e d  t o  

monopolar e l e c t r o d e s ,  f o r  a l l  c h a n n e l s ;  

. .  . . - _  *_ 2 .  Dynairtic r a n g e s  frci.. X . . G o h c l d  t i  .......l...u.n C I U b r - r .  _..-*_ .__. 
e x t r e m e l y  na r row compared t o  a l l  o t h e r  p a t i e n t s  i n  t h e  UCSF series 

(e.g., f o r  0.3 msec /phase  b i p h a s i c  p u l s e s  dynamic r a n g e s  were 4 dB 

o r  lower  f o r  f i v e  of  t h e  s i x  c h a n n e l s  used  f o r  s p e e c h  s t u d i e s ) ;  

3. C h a n n e l  i n t e r a c t i o n s ,  a s  m e a s u r e d  by a l o u d n e s s  s u m m a t i o n  

p a r a d i g m , 1 °  were s e v e r e  f o r  t h e  m i d d l e  c h a n n e l s  of b i p o l a r  

s t i m u l a t i o n  a n d  s o m e w h a t  l e s s  s e v e r e  f o r  t h e  b a s a l - m o s t  a n d  

a p i c a l - m o s t  e l e c t r o d e  p a i r s ;  

$ 
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4 .  LP was a b l e  t o  d i s t i n g u i s h  p e r c e p t s  e l i c i t e d  by s t i m u l a t i o n  w i t h  

d i f f e r e n t  b i p o l a r  p a i r s  i n  t h e  e l e c t r o d e  a r r a y ,  i f  t h e  s t i m u l i  

were d e l i v e r e d  one  a t  a time: 

5. E x c i t a t i o n  o f  t h e  m i d d l e  c h a n n e l s  s t r o n g l y  i n h i b i t e d  p e r c e p t s  

e l i c i t e d  by e x c i t a t i o n  of t h e  a p i c a l  and b a s a l  c h a n n e l s ;  and 

6 .  T h r e s h o l d s  and  l o u d n e s s  l e v e l s  were l a b i l e ,  c h a n g i n g  b o t h  w i t h i n  

and  between t e s t i n g  s e s s i o n s . .  

Not s u r p r i s i n g l y ,  L P ' s  case h a s  been  i n f o r m a l l y  d e s c r i b e d  as e x t r e m e l y  

d i f f i c u l t .  Wi th  t h e  e x c e p t i o n  o f  t h e  n o i s e / v o i c e  t e s t  o f  t h e  Minimal 

A u d i t o r y  C a p a b i l i t i e s  B a t t e r y , "  none o f  h i s  s c o r e s  on s p e e c h  t e s t s  with t h e  

p r e s e n t  UCSF/Storz p r o c e s s o r  was a b o v e  c h a n c e ;  i n d e e d ,  h e r o i c  e f f o r t s  were 

r e q u i r e d  j u s t  t o  map t h e  p r o c e s s o r  o u t p u t s  i n t o  LP's u s e a b l e  dynamic range. 

Taken t o g e t h e r ,  t h e  r e s u l t s  o u t l i n e d  a b o v e  a r e  c o n s i s t e n t  w i t h  a p i c t u r e  of 

v e r y  poor s u r v i v a l  of p e r i p h e r a l  n e u r a l  e l e m e n t s  a l o n g  t h e  m i d d l e  p o r t i o n  o f  

t h e  e l e c t r o d e  a r r a y  a n d  a t  l e a s t  some s u r v i v a l  i n  t h e  a p i c a l  a n d  b a s a l  

s e g m e n t s .  

U n f o r t u n a t e l y ,  L P ' s  case was f u r t h e r  c o m p l i c a t e d  by a r e c u r r e n c e  of a 

p r e - e x i s t i n g ,  low-grade  m a s t o i d i t i s  t h a t  p l a c e d  h i s  ear  and  i m p l a n t  a t  r i s k .  

Because  LP was o b t a i n i n g  l i t t l e  b e n e f i t  f rom h i s  UCSF/Storz p r o c e s s o r ,  and  

b e c a u s e  a p p l i c a t i o n s  of  a l t e r n a t i v e  p r o c e s s i n g  s t r a t e g i e s  were o n l y  

b e g i n n i n g  t o  d e m o n s t r a t e  b e n e f i t ,  a m e d i c a l  d e c i s i o n  was made t o  e x p l a n t  t h e  

d e v i c e  and  t h e r e b y  minimize  t h e  r i s k  of  i n n e r - e a r  i n f e c t i o n .  The prac t i ca l  

consequence  of  t h i s  d e c i s i o n  f o r  t h e  p r e s e n t  s t u d y  was t h a t  we h a d  a l i m i t e d  

amount of time t o  work w i t h  LP. I n  a l l ,  we worked w i t h  him f o r  13 two-hour 

s e s s i o n s .  

The  s e c o n d  p a t i e n t ,  MH,'was i m p l a n t e d  a t  Duke i n  F e b r u a r y ,  1 9 8 6 .  T h e  

e t i o l o g y  was o t o s c l e r p s i s ,  which produced  profound b i l a t e r a l  d e a f n e s s  by age 
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40. M H  was 51 a t  t h e  time o f  h e r  i m p l a n t  o p e r a t i o n .  When t h e  c o c h l e a  was 

e n t e r e d  d u r i n g  s u r g e r y ,  i t  was d i s c o v e r e d  t h a t  t h e  b a s a l - m o s t  4 - 5  m m  o f  

s c a l a  tympani  was o b l i t e r a t e d  w i t h  o t o s c l e r o t i c  bone. T h i s  bone  had t o  be 

d r i l l e d  o u t  f o r  i n s e r t i o n  o f  t h e  e l e c t r o d e  a r r a y .  T h e r e f o r e ,  the  two b a s a l -  

- most p a i r s  of  e l e c t r o d e s  were p r o b a b l y  more d i s t a n t  f rom t h e  t a r g e t  n e u r a l  

t i s s u e  t h a n  i n  o t h e r  p a t i e n t s  i m p l a n t e d  w i t h  t h e  UCSF/Storz e l e c t r o d e  array.  

Once d r i l l e d ,  t h e  bone d i d  n o t  f u r t h e r  impede t h e  i n s e r t i o n  o f  t h e  e l e c t r o d e  

a r r a y .  The  a r r a y  was i n s e r t e d  t o  a d e p t h  o f  a p p r o x i m a t e l y  25  m m ,  and 

c 1 i n i c a  1 l y - i n d i c a t e d  p a r a n a s a l  s i n u s  X r a y s  a t  a l a t e r  d a t e  d e m o n s t r a t e d  

t h a t  t h e  i m p l a n t  f o l l o w e d  t h e  s p i r a l  c o u r s e  o f  t h e  s ca l a  tympani .  

An i n t e n s i v e  ser ies  of  tes ts  was begun w i t h  M H  i n  e a r l y  March ,  1986. A 

b a t t e r y  of  p s y c h o p h y s i c a l  t e s t s  was conduc ted  f i r s t ,  t o  assess t h e  s t a t u s  of 

her i m p l a n t e d  ear. These  t es t s  were a s u p e r s e t  o f  t h o s e  c o n d u c t e d  w i t h  LP, 

a n d  h a v e  b e e n  d e s c r i b e d  e l s e w h e r e . 6  I n  b r i e f ,  t h e  r e s u l t s  f r o m  t h e  t e s t s  

i n d i c a t e d  g e n e r a l  l y  poor  s u r v i v a l  of  p e r i p h e r a l  n e u r a l  e l e m e n t s .  T h r e s h o l d s  

f o r  b i p o l a r  s t i m u l a t i o n  v a r i e d  s i g n i f i c a n t l y  f rom p a i r  t o  p a i r  w i t h i n  t h e  

e l e c t r o d e  a r r a y ,  and t h r e s h o l d s  f o r  b i p o l a r  s t i m u l a t i o n  were much h i g h e r  

t h a n  t h o s e  f o r  monopolar  s t i m u l a t i o n .  In  a d d i t i o n ,  i n t e r a c t l o n s  among most 

c h a n n e l s  were s e v e r e ,  w i t h  some d e g r e e  of i s o l a t i o n  found f o r  o n l y  o n e - t h i r d  

o f  t h e  p o s s i b l e  c h a n n e l  c o m b i n a t i o n s .  F i n a l l y ,  t h e  d y n a m i c  r a n g e s  f o r  

p u l s a t i l e  and s i n u s o i d a l  s t i m u l i  were g e n e r a l l y  na r row (e .g . ,  a r o u n d  10 dB 

or l ess  f o r  0.3 msec /phase  b i p h a s i c  p u l s e s ) ,  a l t h o u g h  n o t  a s  n a r r o w  a s  t h e  

dynami .c  r a n g e s  f o u n d  f o r  LP. O v e r a l l ,  M H  p r e s e n t e d  a s o m e w h a t  more  

f a v o r a b l e  p i c t u r e  of  p s y c h o p h y s i c a l  p e r f o r m a n c e  t h a n  t h e  p i c t u r e  f o r  LP. 

L i k e  LP, M H  h a d  s e v e r e  c h a n n e l  i n t e r a c t i o n s  a n d  l a r g e  d i f f e r e n c e s  i n  

t h r e s h o l d s  f o r  b i p o l a r  and  monopolar  s t i m u l a t i o n .  U n l i k e  LP, t h o u g h ,  h e r  

t h r e s h o l d s  and  l o u d n e s s  l e v e l s  were s t a b l e ,  and h e r  dynamic ranges were o n l y  

t 

somewhat n a r r o w e r  t h a n  t h o s e  found f o r  t y p i c a l  p a t i e n t s .  12 
I 
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P r o c e s s o r s  

A b l o c k  d i a g r a m  o f  C A O  p r o c e s s o r s  o f  t h e  t y p e  u s e d  i n  t h e  U C S F / S t o r z  

p r o s t h e s i s  i s  shown i n  F ig .  1. Speech  i n p u t s  a re  f i r s t  h igh -pass  f i l t e r e d  

t o  f l a t t e n  t h e  s p e e c h  s p e c t r u m  a n d  d i m i n i s h  t h e  o t h e r w i s e  o v e r w h e l m i n g  

i n f l u e n c e  of  l ow- f requency  components  i n  s p e e c h  ( p r i m a r i l y  t h e  components  o f  

t h e  f u n d a m e n t a l  f r e q u e n c y  a n d  t h e  f i r s t  fo rman t  f r e q u e n c y ) .  The f i l t e r e d  

s i g n a l  i s  t h e n  c o m p r e s s e d  t o  map i t  o n t o  t h e  n a r r o w  d y n a m i c  r a n g e  of 

e l e c t r i c a l  l y - e v o k e d  h e a r i n g .  T h e  f r e q u e n c y  r a n g e s  of t h e  b a n d - p a s s  and 

h i g h - p a s s  f i l t e r s  f o l  l owing  t h e  compresso r  encompass t h e  f i r s t  and h i g h e r  

f o r m a n t s  o f  s p e e c h .  I n  p a r t i c u l a r ,  t h e  f r e q u e n c y  r a n g e s  a r e  s e l e c t e d  so 

t h a t  t h e  f i r s t  fo rman t  i s  r e p r e s e n t e d  i n  c h a n n e l  1 and  t h e  t h i r d  and  h i g h e r  

f o r m a n t s  a r e  r e p r e s e n t e d  i n  c h a n n e l  4 .  The s e c o n d  f o r m a n t  i s  d i v i d e d  

b e t w e e n  c h a n n e l s  2 a n d  3, a n d  t h i s  d i v i s i o n  i s  d e s i g n e d  t o  e m p h a s i z e  

d i s c r i m i n a t i o n  o f  t h i s  c r i t i c a l  c o m p o n e n t  o f  speech .4p9p13  The h i g h - p a s s  

f i l t e r  i n  t h e  c h a i n  f o r  c h a n n e l  1 p r o v i d e s  a f i r s t - o r d e r  e q u a l i z a t i o n  of  

l o u d n e s s e s  f o r  f r e q u e n c y  c o m p o n e n t s  b e l o w  300 Hz. S p e c i f i c a l l y ,  i t  

compensa te s  f o r  t h e  large d i f f e r e n c e s  i n  t h e  t h r e s h o l d s  f o r  l ow- f requency  

( e . g . ,  a r o u n d  100  Hz. w h e r e  t h r e s h o l d s  a r e  l o w )  a n d  h i g h - f r e q u e n c y  ( e . g . ,  

a r o u n d  3 0 0  Hz, w h e r e  t h r e s h o l d s  a r e  r e l a t i v e l y  h i g h )  s t i m u l i .  T h e  

a d j u s t a b l e  c l i p p e r s  i n  t h e  c h a i n s  f o r  c h a n n e l s  3 a n d  4 l i m i t  p e a k  

i n t e n s i t i e s  of waveforms i n  t h e s e  c h a n n e l s  t o  l e v e l s  be low t h o s e  t h a t  e l i c i t  

"squeaky" o r  o t h e r w i s e  n o x i o u s  p e r c e p t s .  F i n a l  l y ,  a d j u s t a b l e  g a i n  c o n t r o l s  

a r e  p r o v i d e d  f o r  e a c h  c h a n n e l  s o  t h a t  s p e e c h  f e a t u r e s  s i g n a l l e d  i n  t h a t  

c h a n n e l ' s  band can be  made c l e a r l y  a u d i b l e .  For example ,  i n  t h e  f i t t i n g  of 

t h e  p r o s t h e s i s  t h e  g a i n  o f  c h a n n e l  4 i s  i n c r e a s e d  u n t i l  " s "  s o u n d s  a r e  

h e a r d .  

As i n d i c a t e d  i n  F i g .  2 ,  I P  p r o c e s s o r s  h a v e  a d e s i g n  t h a t  is  q u i t e  

d i f f e r e n t  f r o m  t h e ' d e s i g n  o f  C A O  p r o c e s s o r s .  I n  t h e  I P  p r o c e s s o r  a n  
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a u t o m a t i c  g a i n  c o n t r o l  ( A G C )  c o n t i n u o u s l y  a d j u s t s  t h e  l e v e l  of s p e e c h  i n p u t  

s o  t h a t  a s t e a d y  a v e r a g e  l e v e l  i s  p r e s e n t e d  t o  s u b s e q u e n t  s t a g e s  o f  t h e  

p r o c e s s o r .  T y p i c a l  a t t a c k  and  r e l e a s e  times f o r  t h e  AGC a r e  8 and 200 msec, 

p r o v T d i n g  a " s l o w  AGC" a c t i o n .  The l e v e l - a d j u s t e d  s i g n a l  is t h e n  h i g h - p a s s  

f i l t e r e d  a s  i n  t h e  CAO p r o c e s s o r  t o  r e d u c e  t h e  a m p l i t u d e s  o f  s p e e c h  

c o m p o n e n t s  b e l o w  1200  Hz. The  o u t p u t  o f  t h e  h i g h - p a s s  f i l t e r  i s  f e d  t o  a 

bank of bandpass  f i l t e r s  whose center  f r e q u e n c i e s  s p a n  t h e  combined r a n g e  of 

t h e  f i r s t  a n d  s e c o n d  f o r m a n t s  o f  s p e e c h ,  a l o n g  a l o g a r i t h m i c  s c a l e .  T h e  

r o o t - m e a n - s q u a r e  (RMS) e n e r g y  i n  e a c h  b a n d  is s e n s e d  by  a f u l l - w a v e  

r e c t i f i e r  and  low-pass  f i l t e r  c o n n e c t e d  i n  ser ies  t o  each  bandpass  f i l t e r  

o u t p u t .  Next, a " p o s t  p r o c e s s o r "  i s  programmed t o  s c a n  t h e  R M S  o u t p u t s  on a 

p e r i o d i c  b a s i s .  The  o u t p u t  of  a f i l t e r  b a n k  c h a n n e l  i s  c o d e d  f o r  

s t i m u l a t i o n  of  i t s  a s s i g n e d  e l e c t r o d e ( s )  o n l y  i f  t h e  RMS e n e r g y  is above a 

p r e s e t  " n o i s e  t h r e s h o l d . "  T h e  a m p l i t u d e s  o f  t h e  p u l s e s  d e l i v e r e d  t o  t h e  

s e l e c t e d  c h a n n e l ( s )  a r e  d e r i v e d  w i t h  a l o g a r i t h m i c  mapping law of t h e  f o r m :  

p u l s e  a m p l i t u d e  = A x log(RMS l e v e l )  + k, 

where t h e  p a r a m e t e r s  "A" and "k" a r e  d e t e r m i n e d  f o r  each c h a n n e l  a c c o r d i n g  

t o  t h e  t h r e s h o l d  a n d  m o s t - c o m f o r t a b l e  l o u d n e s s  l e v e l  f 'or  t h a t  c h a n n e l .  

F i n a l l y ,  t h e  v o i c i n g  d e t e c t o r  s e n s e s  t n e  f u n a a m e n t a l  f r e q u e n c y  o r  v o i c e d  

s p e e c h  s o u n d s  a n d  w h e t h e r  a g i v e n  s p e e c h  i n p u t  i s  v o i c e d  ( p e r i o d i c )  o r  

u n v o i c e d  ( a p e r i o d i c ) .  The o u t p u t  of t h e  v o i c i n g  d e t e c t o r  c a n  o p t i o n a l l y  b e  

u s e d  by  t h e  p o s t  p r o c e s s o r  t o  c o n t r o l  t h e  t i m i n g  o f  " r o u n d - r o b i n "  u p d a t e  

c y c l e s ,  a s  d e s c r i b e d  be low.  

V a r i a t i o n s  o f  I P  p r o c e s s o r s  a r e  p r o d u c e d  w i t h  d i f f e r e n t  c h o i c e s  o f  

parameters f o r  t h e  p o s t  p r o c e s s o r .  These  p a r a m e t e r s  i n c l u d e  (1) t h e  number 

of c h a n n e l s  s t i m u l a t e d  on e a c h  s t i m u l u s  c y c l e :  ( 2 )  t h e  d u r a t i o n  of s t i m u l u s  

p u l s e s  € o r  e a c h  c h a n h e l ;  ( 3 )  t h e  i n t e r v a l  b e t w e e n  p u l s e s  on  s e q u e n t i a l l y  
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s ~ i m u l a t e d  c h a n n e l s ;  ( 4 )  t h e  o r d e r  i n  which c h a n n e l s  are  t o  be  s t i m u l a t e d :  

(5 )  t h e  mapping l aw f o r  e a c h  c h a n n e l ,  as d e s c r i b e d  a b o v e :  ( 6 )  t h e  waveforms 

o f  s t i m u l u s  p u l s e s ;  a n d  (7) w h e t h e r  s t i m u l u s  s e q u e n c e s  a r e  t o  c y c l e  

c o n t i n u o u s l y  o r  a r e  t o  b e  t i m e d  a c c o r d i n g  t o  i n f o r m a t i o n  p r o v i d e d  b y  t h e  

v o i c i n g  d e t e c t o r .  P z r a m e t e r s  1 t h r o u g h  4 d e f i n e  t h e  b a s i c  s e q u e n c e  of 

s t i m u l a t i o n  a c r o s s  c h a n n e l s ,  w h i c h  we term a s  o n e  " r o u n d - r o b i n "  c y c l e .  

R o u n d - r o b i n  c y c l e s  a r e  r e p e a t e d  as  r a p i d l y  a s  p o s s i b l e  i f  v o i c i n g  

i n f o r m a t i o n  i s  n o t  t o  be e x p l i c i t l y  coded.  A l t e r n a t i v e l y ,  i n p u t s  f rom t h e  

v o i c i n g  d e t e c t o r  c a n  b e  u s e d  t o  t ime t h e  b e g i n n i n g  o f  e a c h  r o u n d - r o b i n  

c y c l e .  I f  v o i c i n g  i n f o r m a t i o n  is t o  be e x p l i c i t l y  coded ,  round- rob in  c y c l e s  

a r e  t imed  t o  s t a r t  i n  synchrony  w i t h  t h e  fundamen ta l  f r e q u e n c y  (FO) d u r i n g  

v o i c e d  s p e e c h  sounds  and a t  e i t h e r  randomly-spaced  o r  maximum-rate i n t e r v a l s  

d u r i n g  u n v o i c e d  s p e e c h  sounds .  E x p l i c i t  c o d i n g  o f  v o i c i n g  i n f o r m a t i o n  m i g h t  

b e  e x p e c t e d  t o  i m p r o v e  a p a t i e n t ' s  p e r c e p t i o n  o f  p r o s o d i c  f e a t u r e s  

a s s o c i a t e d  w i t h  FO c o n t o u r s  a n d  t o  h e l p  t h e  p a t i e n t  make v o i c e / u n v o i c e  

d i s t i n c t i o n s  f o r  c o n s o n a n t s  (e .g . ,  improve  t h e  a b i l i t y  t o  d i s t i n g u i s h  a n  ''s" 

f r o m  a " z "  o r  a "t" f r o m  a " d " ) .  A l s o ,  a n  e x p l i c i t  r e p r e s e n t a t i o n  o f  

v o i c i n g  i n f o r m a t i o n  might  be  e x p e c t e d  t o  improve  t h e  " n a t u r a l n e s s "  o f  s p e e c h  

p e r c e p t s  and t h e  a b i l i t y  t o  make man/woman/child d i s t i n c t i o n s .  

To i l l u s t r a t e  t h e  f u n d a m e n t a l  d i f f e r e n c e s  i n  C A O  a n d  I P  p r o c e s s o r s ,  

F i g s .  3 and 4 show t y p i c a l  waveforms f o r  each .  I n  each  p a n e l  of e a c h  f i g u r e  

t h e  t o p  t r a c e  i s  t h e  i n p u t  t o  t h e  p r o c e s s o r  a n d  t h e  r e m a i n i n g  t r a c e s  a r e  

c h a n n e l  o u t p u t s .  T h e  i n p u t  i s  t h e  word  "BOUGHT." T h e  i n i t i a l  c o n s o n a n t  

o c c u r s  -at a b o u t  180 msec and  t h e  vowel  f o l l o w s  i m m e d i a t e l y  t h e r e a f t e r .  An 

expanded d i s p l a y  of waveforms wel l  i n t o  t h e  vowel  i s  shown i n  t h e  lower- lef t  

p a n e l  o f  e a c h  f i g u r e .  N e x t ,  t h e  " t  b u r s t "  o f  t h e  f i n a l  c o n s o n a n t  b e g i n s  

s l i g h t l y  b e f o r e  640 msec, and  a n  expanded d i s p l a y  of waveforms b e g i n n i n g  a t  

640 msec i s  shown i n  t h e  l o w e r - r i g h t  p a n e l  of each  f i g u r e .  The lower  p a n e l s  



P 
~1i:on et al.: Processing S t r a t e g l e s  I o r  LociL?ear .mpianrs 11 

t h u s  e x e m p l i f y  d i f f e r e n c e s  i n  waveforms f o r  v o i c e d  and unvo iced  i n t e r v a l s .  

Waveforms f o r  t h e  CAO p r o c e s s o r  a r e  p r e s e n t e d  i n  F i g .  3 .  I n  t h e  v o i c e d  

i n t e r v a l  t h e  r e l a t i v e l y - l a r g e  o u t p u t s  o f  c h a n n e l s  1 a n d  2 r e f l e c t  t h e  low- 

f r e q u e n c y  f o r m a n t  c o n t e n t  o f  t h e  v o w e l  a n d  i n  t h e  u n v o i c e d  i n t e r v a l  t h e  

r e l a t i v e l y  l a r g e  o u t p u t s  of  c h a n n e l s  2 t h r o u g h  4 r e f l e c t  t h e  h i g h - f r e q u e n c y  

n o i s e  c o n t e n t  o f  t h e  "t." I n  a d d i t i o n ,  t h e  c l e a r  p e r i o d i c i t y  i n  the 

w a v e f o r m s  o f  c h a n n e l s  1 a n d  2 r e f l e c t s  t h e  f u n d a m e n t a l  f r e q u e n c y  of  t h e  

vowe l  d u r i n g  t h e  v o i c e d  i n t e r v a l ,  and t h e  l a c k  of p e r i o d i c i t y  i n  t h e  o u t p u t s  

o f  c h a n n e l s  2 t h r o u g h  4 r e f l e c t s  t h e  n o i s e - l i k e  q u a l i t y  o f  t h e  ' I t "  d u r i n g  

t h e  u n v o i c e d  i n t e r v a l .  T h e s e  r e p r e s e n t e d  f e a t u r e s  a r e  l i k e l y  t o  be 

p e r c e i v e d  t o  v a r y i n g  d e g r e e s  b y  d i f f e r e n t  i m p l a n t  p a t i e n t s .  A p r i n c i p a l  

c o n c e r n  i s  t h a t  s i m u l t a n e o u s  s t i m u l a t i o n  o f  t h e  c h a n n e l s  c a n  e x a c e r b a t e  

i n t e r a c t i o n s  between c h a n n e l s ,  p a r t i c u l a r l y  f o r  p a t i e n t s  who r e q u i r e  h i g h  

s t i m u l a t i o n  l e v e l s .  A l s o ,  summation o f  s t i m u l i  between c h a n n e l s  depends on 

t h e  p h a s e  r e l a t i o n s h i p s  of t h e  waveforms. Because t h e s e  r e l a t i o n s h i p s  a r e  

n o t  c o n t r o l l e d  i n  a CAO p r o c e s s o r ,  t h e  r e p r e s e n t a t i o n  o f  t h e  s p e e c h  s p e c t r u m  

u s u a l l y  w i l l  b e  f u r t h e r  d i s t o r t e d  by  c o n t i n u o u s l y - c h a n g i n g  p a t t e r n s  of 

c h a n n e l  i n t e r a c t i o n s .  T h e r e f o r e ,  one migh t  e x p e c t  t h a t  CAO p r o c e s s o r s  wou ld  

work b e s t  f o r  p a t i e n t s  w i t h  l o w  t h r e s h o l d s  a n d  good i s o l a t i o n  b e t w e e n  

c h a n n e l s .  

The p rob lem of  c h a n n e l  i n t e r a c t i o n s  i s  a d d r e s s e d  i n  t h e  I P  p r o c e s s o r  

t h r o u g h  t h e  u s e  of n o n - s i m u l t a n e o u s  s t i m u l i .  T h i s  e l i m i n a t e s  d i r e c t  

summation o f  t h e  s t i m u l i  a c r o s s  c h a n n e l s .  F u r t h e r ,  s e c o n d a r y  i n t e r a c t i o n s  

p r o d u c e d  by t e m p o r a l  i n t e g r a t i o n  a t  n e u r a l  m e m b r a n e s 1 4  may b e  r e d u c e d  by 

i n c r e a s i n g  t h e  i n t e r v a l  between p u l s e s  d e l i v e r e d  t o  s e q u e n t i a l  c h a n n e l s .  

T y p i c a l  waveforms f o r  a n  I P  p r o c e s s o r  a re  shown i n  Fig. 4 .  A s t r i k i n g  

d i f f e r e n c e  b e t w e e n  t h e  s t i m u l i  f o r  t h i s  p r o c e s s o r  a n d  t h o s e  f o r  t h e  CAO 

p r o c e s s o r  i s  t h e  r e l a t i v e  s p a r s e n e s s  o f  s t i m u l a t i o n  r e s u l t i n g  from t h e  u s e  
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of non- s imul  t a n e o u s  s t i m u l i .  I n  t h e  p a r t i c u l a r  v a r i a t i o n  o f  IP p r o c e s s o r s  

p r e s e n t e d  i n  Fi.g.  4 ,  t h e  g r e a t e s t  4 o f  6 c h a n n e l s  a r e  u p d a t e d  on  e v e r y  

r o u n d - r o b i n  c y c l e  a n d  v o i c i n g  i n f o r m a t i o n  i s  e x p l i c i t l y  c o d e d .  D u r i n g  

v o s c e d  s p e e c h  sounds  t h e  round- rob in  cyc le s  a re  t imed  t o  b e g i n  i n  s y n c h r o n y  

w i t h  t h e  d e t e c t e d  f u n d a m e n t a l  f r e q u e n c y ,  w h i l e  d u r i n g  u n v o i c e d  s p e e c h  

s e g m e n t s  t h e  c y c l e s  a r e  i n i t i a t e d  a t  r a n d o m l y - s p a c e d  i n t e r v a l s .  T h e  

p e r i o d i c i t y  o f  c y c l e  u p d a t e s  c a n  be  s een  f o r  a v o i c e d  s p e e c h  s o u n d  i n  t h e  

l o w e r - l e f t  p a n e l  of F i g .  4 and  t h e  randomly-spaced  c y c l e  u p d a t e s  can be s e e n  

f o r  an  u n v o i c e d  s p e e c h  sound i n  t h e  l o w e r - r i g h t  p a n e l .  A s  m e n t i o n e d  b e f o r e ,  

t h e  a m p l i t u d e s  of t h e  p u l s e s  r e f l e c t  t h e  RMS e n e r g y  l e v e l s  i n  e a c h  c h a n n e l ' s  

f r e q u e n c y  band. Thus t h e  t i m i n g  o f  r o u n d - r o b i n  u p d a t e s  c o d e s  PO for  v o i c e d  

s p e e c h  sounds  and  a l s o  i n d i c a t e s  w h e t h e r  a g i v e n  s p e e c h  sound  is v o i c e d  o r  

u n v o i c e d .  The u p p e r  s p e c t r u m  of  s p e e c h  a b o v e  FO i s  coded  by t h e  a m p l i t u d e s  

of s t i m u l u s  p u l s e s  and by t h e  s e l e c t i o n  of  c h a n n e l s .  Many o t h e r  v a r i a t i o n s  

of I P  p r o c e s s o r s  a r e  a v a i l a b l e  t h r o u g h  m a n i p u l a t i o n s  of t h e  p a r a m e t e r s  f o r  

t h e  p o s t  

P r o c e d u r e  

The  p e r f o r m a n c e  of  e a c h  p r o c e s s i n g  s t r a t e g y  was  m e a s u r e d  w i t h  

c o n f u s i o n - m a t r i x  tests.  The c o n f u s i o n  matrix f o r  v o w e l s  i n c l u d e d  t h e  t o k e n s  

"BOAT." " B E E T , "  "BOUGHT," " B I T , "  a n d  "BOOT," a n d  t h e  c o n f u s i o n  m a t r i x  f o r  

c o n s o n a n t s  i n c l u d e d  t h e  n o n s e n s e  t o k e n s  "ATA," " A D A , "  " A K A , "  "ASA," "AZA," 

" A N A , " . " A L A , "  a n d  " A T H A . "  A 1  1 p r o c e s s i n g  s t r a t e g i e s  were implemen ted  w i t h  

c o m p u t e r  s i m u l a t i o n s  a s  p r e v i o u s l y  d e s c r i b e d .  The  p r e s e n t a t i o n  of each 

p r o c e s s e d  t o k e n  was a c c o m p a n i e d  by a d i s p l a y  o f  r e s p o n s e  o p t i o n s  on a 

c o m p u t e r  c o n s o l e  u s e d  b y  t h e  p a t i e n t .  When t h e  p a t i e n t  r e s p o n d e d ,  h i s  or  

h e r  r e s p o n s e  was u s e d  t o  u p d a t e  a m a t r i x  d i s p l a y  on t h e  i n v e s t i g a t o r ' s  

c o m p u t e r  c o n s o l e  ( n o t  seen  by t h e  p a t i e n t ) ,  a n d  t h e  n e x t  t o k e n  was d r a w n  
I 
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f r o m  a r a n d o m i z e d  l i s t .  F i v e  p r e s e n t a t i o n s  o f  e a c h  p r o c e s s e d  t o k e n  were 

i n c l u d e d  i n  t h e  vowel  t e s t  and  t h r e e  p r e s e n t a t i o n s  of  e a c h  p r o c e s s e d  t o k e n  

were i n c l u d e d  i n  t h e  c o n s o n a n t  tes t .  A t  t h e  end of  a t e s t  we u s u a l l y  wou ld  

g i v e  t h e  p a t i e n t  t h e  o v e r a l l  c o r r e c t  s c o r e  a n d  a n  i n d i c a t i o n  of  t h e  

p r i n c i p a l  c o n f u s i o n s  made d u r i n g  t h e  t e s t .  No f e e d b a c k  was g i v e n  d u r i n g  t h e  

t e s t  i t s e l f .  

I 

F o u r  t e s t s  were g i v e n  f o r  e a c h  p r o c e s s i n g  s t r a t e g y  e v a l u a t e d  w i t h  

p a t i e n t  MH: vowel  r e c o g n i t i o n  w i t h  1 i ' p read ing ;  vowel r e c o g n i t i o n  w i t h o u t  

l i p r e a d i n g ;  c o n s o n a n t  r e c o g n i t i o n  w i t h  l i p r e a d i n g ;  and  c o n s o n a n t  r e c o g n i t i o n  

w i t h o u t  l i p r e a d i n g .  L i p r e a d i n g  i n f o r m a t i o n  was p r o v i d e d  by miming t o k e n s  i n  

s y n c h r o n y  w i t h  s t i m u l u s  p r e s e n t a t i o n s .  The  same i n v e s t i g a t o r  ( C C F )  

p r e s e n t e d  1 i p r e a d i n g  i n f o r m a t i o n  f o r  a 1  1 t e s t s .  F i n a l l y ,  p r e s e n t a t i o n s  o f  

p r o c e s s e d  t o k e n s  u s u a l l y  were r e p e a t e d  a t  r e g u l a r  i n t e r v a l s  u n t i l  t h e  

p a t i e n t  r e s p o n d e d .  A l t h o u g h  t h e r e  i s  e v i d e n c e  t h a t  r e p e t i t i o n  of t e s t  

t o k e n s  can  i n c r e a s e  s c o r e s  ( p a r t i c u l a r l y  f o r  t es t s  u s i n g  open  s e t  ma te r i a l ,  

s u c h  a s  t e s t s  o f  s p o n d e e  r e c o g n i t i o n )  , 8 9 9  w e  d i d  n o t  f i n d  s t a t i s t i c a l  l y -  

s i g n i f i c a n t  d i f f e r e n c e s  i n  t h e  s c o r e s  of  s e v e r a l  t e s t s  of c o n s o n a n t  

r e c o g n i t i o n  f o r  s i n g l e -  and mu1 t i p l e - t r i a l  c o n d i t i o n s .  Retests a t  v a r i o u s  

i n t e r v a l s  u n d e r  t h e  same  c o n d i t i o n s  v a l i d a t e d  t h e  u s e  o f  t h e s e  b r i e f  

c o n f u s i o n  matrices t o  i d e n t i f y  p r o c e s s o r  s t r e n g t h s  and  weaknesses .  

Because  time was e x t r e m e l y  l i m i t e d  w i t h  p a t i e n t  LP,  most  f o r m a l  tes ts  

w i t h  him were r e s t r i c t e d  t o  v o w e l  r e c o g n i t i o n  w i t h o u t  l i p r e a d i n g .  I n  

. a d d i t i o n  t o  a d i r e c t  measure of  vowel  r e c o g n i t i o n ,  t h e s e  t e s t s  p r o v i d e d  good 

i n d i c a t i o n s  of whethe r  t h e  p e r c e p t s  e l i c i t e d  by a g i v e n  p r o c e s s i n g  s t r a t e g y  

sounded l i k e  s p e e c h  and whe the r  l o u d n e s s e s  c o u l d  b e  b a l a n c e d  a c r o s s  t o k e n s .  

T h e s e  l a t t e r  d e t e r m i n a t i o n s  were p a r t i c u l a r l y  i m p o r t a n t  f o r  L P ' s  case 

i n a s m u c h  a s  h i s  p e r c e p t s  w i t h  t h e  C A O  p r o c e s s o r  were not d e s c r i b e d  a s  

s p e e c h l i k e  and  h i s  dynamic r a n g e  f o r  l o u d n e s s  mapping was b o t h  n a r r o w  and 

2 c  
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labile. O u r  first task with LP was to demonstrate that use of any 

processing strategy would put him into the "speech mode" of auditory 

perception. We'then could evaluate in greater detail that strategy and 

closely-related alternatives. As described in the RESULTS section, the 

first task was accomplished for LP, but the second task was only partially 

completed before o u r  time with him expired. 

The speed with which total ly new processor designs could be simulated 

in software allowed the evaluation of any one design to influence the choice 

of strategies f o r  the next testing session. T h e  combination o f  great  

flexibility in the range of possible designs and the very s h o r t  time 

required for a diagnostic-prescriptive cycle in processor optimization 

comprise an extremely powerful tool not only for this research but also f o r  

clinical fitting of highly customized processors. 
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I RESULTS 

t Pa ti  en t LP 

As i n d i c a t e d  a b o v e ,  LP p r e s e n t e d  a t r e m e n d o u s  c h a l l e n g e  t o  o u r  team. 

His p s y c h o p h y s i c a l  p e r f o r m a n c e  was t h e  w o r s t  o f  a n y  p a t i e n t  i n  t h e  UCSF 

se r ies .  I n  a d d i t i o n ,  p e r c e p t s  e l i c i t e d  w i t h  s e v e r a l  v a r i a t i o n s  o f  4- and  6- 

c h a n n e l  CAO p r o c e s s o r s  were n o t  d e s c r i b e d  by LP as  s p e e c h - l i k e  i n  c h a r a c t e r .  

I n s t e a d ,  p r o c e s s e d  s p e e c h  t o k e n s  s o u n d e d  l i k e  "bumps" w i t h  l i t t l e  o r  n o  

v a r i a t i o n  w i t h i n  t h e  bumps. The p e r c e p t s  were f u r t h e r  d e s c r i b e d  as  "mushy," 

" d r a w n  o u t "  o r  "on a l l  t h e  time." T h e  g e n e r a l  p i c t u r e  t h a t  e m e r g e d  from 

t h e s e  a n e c d o t a l  remarks  was one  of  a poor  r e p r e s e n t a t i o n  o f  t e m p o r a l  e v e n t s ,  

p ~ s s i b l y  p r o d u c e d  by LP's s e v e r e  c h a n n e l  i n t e r a c t i o n s .  I n  n o  case was a 

s p e e c h  t o k e n  s p o n t a n e o u s l y  i d e n t i f i e d  as  t h e  word d e l i v e r e d  t o  t h e  s p e e c h  

p r o c e s s o r :  t h e  t o k e n s  i n c l u d e d  most o f  t h o s e  from t h e  vowel  and  c o n s o n a n t  

c 

1 c o n f u s i o n  t e s t s .  

The  s u g g e s t i o n  t h a t  c h a n n e l  i n t e r a c t i o n s  m i g h t  h a v e  b e e n  l a r g e l y  

r e s p o n s i b l e  f o r  t h e s e  d i s a p p o i n t i n g  r e s u l t s  l e d  u s  t o  e v a l u a t e  p r o c e s s o r s  i n  

w h i c h  n o n - s i m u l  t a n e o u s  s t i m u l i  were u s e d .  Two I P  p r o c e s s o r s  were t e s t e d .  

The d e s i g n  and  e v a l u a t i o n  of o t h e r  p r o c e s s o r s  u s i n g  n o n - s i m u l t a n e o u s  s t i m u l i  

a r e  d e s c r i b e d  e l s e w h e r e . 5  I n  t h e  f i r s t  o f  t h e  two I P  p r o c e s s o r s ,  t h e  

g r e a t e s t  two of s i x  c h a n n e l s  were s e l e c t e d  f o r  s t i m u l a t i o n  i n  e a c h  round-  

r o b i n  c y c l e  (see METHODS f o r  f u r t h e r  d e s c r i p t i o n  of  p r o c e s s o r s ) .  B a l a n c e d  

b i p h a s i c  p u l s e s  were i n t e r l e a v e d  s o  t h a t  t h e  o n s e t  of a p u l s e  on one  c h a n n e l  

wou1.d n e v e r  f o l l o w  t h e  o f f s e t  o f  a p u l s e  o n  a n o t h e r  c h a n n e l  w i t h i n  a n  

i n t e r v a l  o f  l e s s  t h a n  1.0 msec. B e c a u s e  s h o r t - t e r m  t e m p o r a l  i n t e g r a t i o n  

f e l l  o f f  r a p i d l y  a t  and  beyond 1.0 msec f o r  LP, w e  t h o u g h t  t h i s  i n t e r l e a v i n g  

o f  s t i m u l i  would  e l i m i n a t e  c h a n n e l  i n t e r a c t i o n s  p r o d u c e d  by  s i m u l t a n e o u s  

c u r r e n t  s u m m a t i o n  a n d  g r e a t l y  r e d u c e  i n t e r a c t i o n s  p r o d u c e d  by t e m p o r a l  

i n t e g r a t i o n  of n o n - s i m u l t a n e o u s  s t i m u l i  a t  n e u r a l  membranes.34 The d u r a t i o n  
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of  s t i m u l u s  p u l s e s  was 0 .3  m s e c / p h a s e ,  s o  t h a t  t h e  maximum r a t e  o f  

s t i m u l a t i o n  on  a n y  s i n g l e  c h a n n e l  was 313 Hz. F i n a l l y ,  s t i m u l i  were 

p r e s e n t e d  o n e  a f t e r  a n o t h e r  i n  t h i s  p r o c e s s o r  a n d  t h e r e f o r e  v o i c i n g  a n d  

v o i c e / c n v o i c e  b o u n d a r i e s  were n o t  e x p l i c i t l y  coded .  

We are  p l e a s e d  t o  r e p o r t  t h a t  t h e  p e r c e p t s  e l i c i t e d  w i t h  t h e  6 c h a n n e l  

I P  p r o c e s s o r  were a 1  1 i n  t h e  " s p e e c h  mode , "  t h a t  m o s t  o f  t h e  t o k e n s  i n  t h e  

vowel  c o n f u s i o n  t e s t  were s p o n t a n e o u s l y  r e c o g n i z e d  as  t h e  c o r r e c t  words ,  and 

t h a t  h a l f  o f  t h e  s i x  t o k e n s  we p r e s e n t e d  i n  t h e  c o n s o n a n t  c o n f u s i o n  t e s t  

were s p o n t a n e o u s l y  r e c o g n i z e d  as  t h e  c o r r e c t  n o n s e n s e  s y l l a b l e s .  The 

improvement  o v e r  t h e  r e s u l t s  o b t a i n e d  w i t h  t h e  CAO p r o c e s s o r s  was immed'iate 

and c o m p e l l i n g .  Moreove r ,  t h e  u s e  of  p u l s a t i l e  s t i m u l i  i n  t h e  I P  p r o c e s s o r  

produced  ( f o r  t h e  f i r s t  time) a t o l e r a b l e  r a n g e  of l o u d n e s s e s  a c r o s s  t o k e n s .  

A l though  f o r m a l  tests were n o t  c o n d u c t e d ,  t h e s e  l o u d n e s s e s  a l s o  a p p e a r e d  t o  

h a v e  f a r  greater s t a b i l i t y  t h a n  t h e  l o u d n e s s e s  o f  p e r c e p t s  produced  w i t h  t h e  

C A O  p r o c e s s o r s .  I n  a l l ,  i t  was c l e a r  t o  u s  a n d  c l e a r  t o  t h e  p a t i e n t  t h a t  

s p e e c h  i n f o r m a t i o n  was m a k i n g  i t s  way o n t o  t h e  n e r v e .  A r e c o r d  o f  LP's 

i n i t i a l  r e p o r t s  i n  l i s t e n i n g  t o  t h e  o u t p u t s  of  t h e  6 -channe l  I P  p r o c e s s o r  is 

p r e s e n t e d  i n  T a b l e  I .  Of t h e  11 t o k e n s  p r e s e n t e d  a f t e r  o u r  f i r s t  a d j u s t m e n t  

of  p r o c e s s o r  o u t p u t s  ( t o  b r i n g  t h e  o u t p u t s  i n t o  a n  a u d i b l e  r a n g e ) ,  7 were 

i m m e d i a t e l y  and s p o n t a n e o u s l y  r e c o g n i z e d  as t h e  c o r r e c t  words o r  s y l l a b l e s .  

U n f o r t u n a t e l y ,  t i m e  r a n  o u t  i n  t h e  s e s s i o n  b e f o r e  we were a b l e  t o  c o n d u c t  

m a t r i x  t e s t s  of vowel  and  c o n s o n a n t  c o n f u s i o n s .  

The sec0r.d IP  p r o c e s s o r  t e s t e d  w i t h  LP was a r educed  4-channel  v e r s i o n  

of t h e  p r o c e s s o r  j u s t  d e s c r i b e d .  E v a l u a t i o n  of  t h e  4 c h a n n e l  p r o c e s s o r  was 

m o t i v a t e d  by t h e  need  t o  i d e n t i f y  a m o r e - o r - l e s s  " o p t i m a l "  c o n f i g u r a t i o n  f o r  

a p r o c e s s o r  t h a t  LP c o u l d  use w i t h  t h e  4 - c h a n n e l  UCSF/Storz t r a n s c u t a n e o u s  

(L t r a n s m i s s i o n  sys tem.  I n  p a r t i c u l a r ,  we needed i n f o r m a t i o n  on t h e  b e n e f i t  LP  

m i g h t  r e c e i v e  f r o m  h i s  c o c h l e a r  i m p l a n t  a f t e r  t h e  t r a n s c u t a n e o u s  
\ 

dB 



t r a n s m i s s i o n  sys t em was i n s t a l l e d .  Because LP was t h e n  e x h i b i t i n g  s i g n s  of 

m a s t o i d i t i s ,  we w e r e  c o n c e r n e d  t h a t  t h e  l o n g - t e r m  managemen t  a n d  r i s k s  

a s s o c i a t e d  w i t h  r e c u r r i n g  m a s t o i d i t i s  migh t  ou tweigh  t h e  p o t e n t i a l  b e n e f i t  

of t h e  p r o s t h e s i s .  

U n f o r t u n a t e l y ,  r e c o g n i t i o n  of t h e  vowel  and  c o n s o n a n t  t o k e n s  w i t h  t h e  

4 -channe l  p r o c e s s o r  seemed t o  be f a r  less  s a l i e n t  t h a n  r e c o g n i t i o n  w i t h  t h e  

6 - c h a n n e l  p r o c e s s o r .  I n  a f o r m a l  t e s t  o f  v o w e l  r e c o g n i t i o n  w i t h  t h e  4- 
I 

c h a n n e l  p r o c e s s o r ,  LP c o r r e c t l y  i d e n t i f i e d  56% o f  t h e  r a n d o m l y - p r e s e n t e d  

t o k e n s .  A l t h o u g h  t h i s  s c o r e  was s i g n i f i c a n t l y  a b o v e  t h e  chance  l e v e l  of 20% 

f o r  t h i s  t e s t ,  i t  was a l s o  w e l l  be low t h e  l e v e l  of per formance  t h a t  migh t  be 

e x p e c t e d  f o r  t h e  6 -channe l  p r o c e s s o r  on t h e  b a s i s  of t h e  r e p o r t s  i n  T a b l e  1 .  

I n d e e d ,  t h e  s p e e c h  p e r c e p t s  e l i c i t e d  w i t h  t h e  4 - c h a n n e l  p r o c e s s o r  were 

d e s c r i b e d  by LP as b e i n g  " d i s t o r t e d "  and  " less  d i s t i n c t "  compared w i t h  t h e  

p e r c e p t s  h e  r e m e m b e r e d  f r o m  t h e  6 - c h a n n e l  p r o c e s s o r .  F i n a l l y ,  i n f o r m a l  

t e s t s  o f  c o n s o n a n t  i d e n t i f i c a t i o n  w i t h  t h e  4 - c h a n n e l  p r o c e s s o r  i n d i c a t e d  

t h a t  LP would h a v e  grea t  d i f f i c u l t y  i n  d i s t i n g u i s h i n g  t h e  t o k e n s  i n  a matrix 

t e s t .  

The  g e n e r a l  l y - d i s a p p o i n t i n g  r e s u l t s  o b t a i n e d  w i t h  t h e  4 - c h a n n e l  

p r o c e s s o r  s u p p o r t e d  a m e d i c a l  d e c i s i o n  t o  r e m o v e  L P ' s  i m p l a n t e d  d e v i c e .  

T e s t i n g  ended a t  t h i s  p o i n t  and t h e  e x p l a n t  o p e r a t i o n  was per formed s h o r t l y  

t h e r e a f t e r  . 

A l t h o u g h  w e  were g r e a t l y  saddened  by t h e  f a c t  t h a t  LP 's  d e v i c e  had t o  

be removed,  we r e g a r d e d  t h e  o v e r a l l  f i n d i n g s  w i t h  him as most e n c o u r a g i n g .  

I n  p a r t - i c u l a r ,  h i s  c a s e  d e m o n s t r a t e d  t h e  p o t e n t i a l  o f  I P  p r o c e s s o r s  f o r  

p a t i e n t s  w i t h  v e r y  poor  n e r v e  s u r v i v a l .  The s w i t c h  f rom a 4- o r  6 - c h a n n e l  

CAO p r o c e s s o r  t o  a 4- o r  6-channel  I P  p r o c e s s o r  i m m e d i a t e l y  p l a c e d  LP i n  t h e  

" s p e e c h  mode" o f  a u d i t o r y  p e r c e p t i o n .  M o r e o v e r ,  h i s  s c o r e s  on  t e s t s  of  

v o w e l  r e c o g n i t i o n  were s i g n i f i c a n t l y  a b o v e  c h a n c e  w i t h  t h e  4 - c h a n n e l  I P  



p r o c e s s o r .  F i n a l l y ,  LP's r e p o r t s  d u r i n g  t h e  f i r s t  a p p l i c a t i o n  o f  a 6- 

c h a r i n e l  I P  p r o c e s s o r  s u g g e s t e d  t h a t  p e r f o r m a n c e  m i g h t  b e  s u b s t a n t i a l l y  

improved w i t h  a modest i n c r e a s e  i n  t h e  number of s t i m u l a t i o n  c h a n n e l s  

P a t i e n t  M H  

With t h e  e n c o u r a g i n g  b u t  p r e l i m i n a r y  r e s u l t s  from L P ' s  case i n  hand ,  w e  

were of c o u r s e  a n x i o u s  t o  c o n d u c t  f u l l y - c o n t r o l l e d  compar i sons  of  p r o c e s s i n g  

s t ra tegies  w i t h  a n o t h e r  p a t i e n t .  F o r t u n a t e l y ,  our s t u d i e s  w i t h  LP a t  UCSP 

were c l o s e l y  f o l l o w e d  by t h e  s ta r t  o f  our s t u d i e s  w i t h  MH a t  Duke. We h a v e  

now w o r k e d  w i t h  h e r  f o r  m o r e  t h a n  a y e a r  s i n c e  h e r  i m p l a n t  o p e r a t i o n  i n  

F e b r u a r y ,  1986. Dur ing  t h i s  p e r i o d  we h a v e  c o m p l e t e d  a n  e x t e n s i v e  ser ies  of 

p s y c h o p h y s i c a l  s t u d i e s  and h a v e  e v a l u a t e d  a v e r y  wide r a n g e  of  p r o c e s s i n g  

s t r a t e g i e s .  I n  t h i s  r e p o r t  w e  w i l l  p r e s e n t  t h e  resul ts  from e v a l u a t i o n s  of 

CAO and I P  p r o c e s s o r s .  R e s u l t s  o b t a i n e d  w i t h  o t h e r  p r o c e s s o r s  are a v a i l a b l e  

e l  s e w h e r e .  

The main r e s u l t s  from t h e  e v a l u a t i o n s  of  CAO and  IP  p r o c e s s o r s  w i t h  MH 

a r e  summarized i n  F i g .  5 .  For e a c h  p r o c e s s o r  t e s t e d ,  a t  l e a s t  4 v a r i a t i o n s  

were e v a l u a t e d  t o  o p t i m i z e  p r o c e s s o r  p a r a m e t e r s .  The  r a t i o n a l e  a n d  

p r o c e d u r e s  f o r  p a r a m e t r i c  m a n i p u l a t i o n s  h a v e  b e e n  p r e s e n t e d  i n  d e t a i l  

The  s c o r e s  f o r  e a c h  p r o c e s s o r  i n  F i g .  5 a r e  t h o s e  f o r  t h e  

p a r a m e t r i c  se t  t h a t  produced t h e  h i t zhes t  o v e r a l l  o e r c e n t - c o r r e c t  s c o r e  i n  

t h e  four t es t s  of vowe l  and c o n s o n a n t  r e c o g n i t i o n .  

B e f o r e  d e s c r i b i n g  t h e  r e s u l t s  f o r  e a c h  p r o c e s s o r  i n  F i g .  5 ,  we n o t e  a 

few g e n e r a l  f e a t u r e s  of  t h e  d a t a .  F i r s t ,  h i g h  s c o r e s  a re  c o n s i s t e n t l y  found  

f o r  t h e  t e s t s  of  vowel  i d e n t i f i c a t i o n  w i t h  l i p r e a d i n g .  MH g o t  92% c o r r e c t  

on a t e s t  w e  a d m i n i s t e r e d  t o  measure h e r  pe r fo rmance  w i t h  l i p r e a d i n g  a l o n e ,  

a s c o r e  t h a t  i s  n o t  s i g n i f i c a n t l y  d i f f e r e n t  from most o f  t h e  s c o r e s  shown i n  

F i g .  5 f o r  vowel  i d e n t i f i c a t i o n  w i t h  l i p r e a d i n g .  T h e r e f o r e ,  t h e  s c o r e s  f o r  

t h i s  t e s t  a r e  n o t  a s q n s i t i v e  i n d i c a t o r  of p r o c e s s o r  p e r f o r m a n c e .  

30 



4 
1 -.a :. et d L  PI o ~ e s s i i i g  Srrategles 1 :r Iocnlear I r L ~ p L a r l : ~  1 9  

Next ,  w e  n o t e  t h a t  s c o r e s  on t h e  t e s t s  o f  c o n s o n a n t  i d e n t i f i c a t i o n  w i t h  

l i p r e a d i n g  are a s e n s i t i v e  i n d i c a t o r  of  p r o c e s s o r  pe r fo rmance .  I n  m u l t i p l e  

t e s t s  o f  c o n s o n a n t  i d e n t i f i c a t i o n  w i t h  l i p r e a d i n g  o n l y ,  MH g o t  a n  a v e r a g e  

s c o r e  of 52% c o r r e c t .  With t h e  e x c e p t i o n  of  t h e  CAO p r o c e s s o r ,  a l l  s c o r e s  

i n  F i g .  5 f o r  c o n s o n a n t  i d e n t i f i c a t i o n  w i t h  l i p r e a d i n g  a r e  s i g n i f i c a n t l y  

a b o v e  t h i s  l e v e l .  

T h i r d ,  t e s t / r e t e s t  r e l i a b i l i t y  was g o o d  f o r  M H .  When we r e t e s t e d  a 

p r o c e s s o r  t h a t  p roduced  low s c o r e s  on a p r e v i o u s  o c c a s i o n  M H  a l w a y s  would 

o b t a i n  low s c o r e s  a g a i n ,  and  when we r e t e s t e d  a p r o c e s s o r  t h a t  had  p roduced  

h i g h  s c o r e s  on a p r e v i o u s  o c c a s i o n  MH a l w a y s  would r e p e a t  h e r  h i g h  scores. 

The s t a n d a r d  d e v i a t i o n  of o v e r a l l  p e r c e n t - c o r r e c t  s c o r e s  f rom s e v e n  r e p e a t e d  

t r i a l s  o f  t h e  l a s t  ( r i g h t m o s t )  p r o c e s s o r  shown  i n  F i g .  5 ,  f o r  e x a m p l e ,  was 

s l i g h t l y  less t h a n  3%. 

F i n a l l y ,  i t  i s  n o t e w o r t h y  t h a t  M H ' s  a n e c d o t a l  r e m a r k s  were s t a b l e  

a c r o s s  r e p e a t e d  t e s t s  o f  a s i n g l e  p r o c e s s o r .  When a " g o o d "  p r o c e s s o r  was 

r e t e s t e d  MH w o u l d  i m m e d i a t e l y  i d e n t i f y  i t  as s u c h ,  u s u a l l y  i n  terms l i k e  

" t h i s  is  a good p r o c e s s o r , "  " t h i s  p r o c e s s o r  s o u n d s  n a t u r a l  a n d  l i k e  s p e e c h  I 

r e m e m b e r  , "  " t h i s  p r o c e s s o r  d o e s n ' t  s o u n d  s i m u l a t e d , "  o r  " t h i s  p r o c e s s o r  is 

v e r y  c l e a r . "  I n  c o n t r a s t ,  a r e t e s t  of a p r o c e s s o r  t h a t  produced low s c o r e s  

on a p r e v i o u s  o c c a s i o n  w o u l d  e l i c i t  c o m m e n t s  l i k e  " t h i s  i s  a l o u s y  

p r o c e s s o r , "  " t h i s  p r o c e s s o r  s o u n d s  l i k e  a man i n  a b a r r e l , "  " t h e  s p e a k e r  

sounds  l i k e  he  i s  t a l k i n g  t h r o u g h  t h e  t e l e p h o n e  w i t h  a h a n d k e r c h i e f  o r  t o w e l  

o v e r  t h e  m o u t h p i e c e , "  o r  " t h i s  p r o c e s s o r  i s  n o t  a s  c l e a r  a s  some you  h a v e  

t r i e d . "  M H ' s  a n e c d o t a l  r emarks  were a l w a y s  c o n s i s t e n t  w i t h  h e r  t e s t  s c o r e s  

on c o n f u s i o n - m a t r i x  material .  

P e r h a p s  t h e  m o s t  s t r i k i n g  f e a t u r e  o f  t h e  d a t a  i n  F i g .  5 i s  t h e  l a r g e  

d i f f e r e n c e  i n  pe r fo rmance  found a c r o s s  p r o c e s s i n g  s t r a t e g i e s .  The r e s u l t s  

r a n g e  from poor  l e v e l s  of  pe r fo rmance  t o  o u t s t a n d i n g  l e v e l s  of pe r fo rmance .  
I 
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The lowest scores in every category are found for the 4-channel CAO 

processor. The scores for the tests of processor performance with 

lipreading are about the same as the scores obtained for lipreading alone. 

The scores for the test conditions without lipreading, while significantly 

above chance, are clearly lower than these scores for all other processors. 

This picture o f  relatively poor performance with the CAO processor is 

consistent with the observations made in tests with LP. That is, both 

patients have psychophysical manifestations of poor nerve survival and both 

patients receive little benefit from the CAO processor. Presumably, the 

severe interactions between channels f o r  simultaneous stimulation limit the 

performance of CAO processors in such patients. 

The remaining results presented in Fig. 5 show the performance levels 

of various IP processors. These results allow direct comparisons of (I) 4- 

channel CAO and IP processors; ( 2 )  4- and 6-channel IP processors; and (3) 

4- and 6-channel IP processors with and without explicit coding of voicing 

information. The comparisons indicate that: 

1. Performance is markedly improved when a 4-channel IP processor is 

used instead of a 4-channel CAO processor; 

2 .  Scores are much higher in a l l  categories except vowel 

identification with 1 ipreading (where scores are' about the same) 

when a b-channel I P  processor is useu ~rts~eau U L  a ~ - U I I ~ I I ~ ~ L  fr 

processor : and 

3 .  Explicit coding of voicing information improves the performance of 

IP processors, particularly in the categories o f  vowel 

identification without lipreading (4-channel processor), consonant 

identification without lipreading (6-channel processor) and 

consonant identification with lipreading (both processors). 



I 

I n t e r p r e t a t i o n  of R e s u l t s  

W h i l e  t h e  r e s u l t s  of t h e  vowel  and  c o n s o n a n t  tes ts  d e s c r i b e d  i n  t h i s  

p a p e r  a r e  most e n c o u r a g i n g ,  i t  s h o u l d  be c l e a r l y  u n d e r s t o o d  t h a t  t h e s e  t e s t s  

s a m p l e  a r a t h e r  l i m i t e d  s e t  o f  a t t r i b u t e s  a s s o c i a t e d  w i t h  s p e e c h  p e r c e p t i o n .  

T h e  c o n f u s i o n  m a t r i x  t e s t s  were s e l e c t e d  b e c a u s e  t h e y  c o u l d  b e  r a p i d l y  

a p p l  i e d  a n d  b e c a u s e  t h e y  p r o v i d e  v a l u a b l e  d i a g n o s t i c  i n f o r m a t i o n  ( i n  t h e  

p a t t e r n s  o f  c o n f u s i o n s )  f o r  i m p r o v i n g  p r o c e s s o r  d e s i g n .  M o r e o v e r ,  t h e  

ma t r ix  tes ts  emphas ize  measurement of p e r c e p t i o n  a t  a p e r i p h e r a l  l e v e l  i n  

t h e  a u d i t o r y  s y s t e m .  To b e  s p e c i f i c ,  g o o d  p e r f o r m a n c e  o n  t h e  v o w e l  and  

c o n s o n a n t  i d e n t i f i c a t i o n s  i n d i c a t e s  t h a t  t h e s e  s p e e c h  f e a t u r e s  a r e  

r e p r e s e n t e d  a t  t h e  p e r i p h e r y  by a g i v e n  s p e e c h  p r o c e s s o r .  S u c h  a 

r e p r e s e n t a t i o n  c a n  s u p p o r t ,  b u t  d o e s  n o t  g u a r a n t e e ,  good p e r f o r m a n c e  on more 

complex  t a s k s  s u c h  as o p e n - s e t  r e c o g n i t i o n  of  c o n t i n u o u s  d i s c o u r s e .  A h o s t  

o f  c o g n i t i v e  a n d  l i n g u i s t i c  s k i l l s  may i n f l u e n c e  p e r f o r m a n c e  on o p e n - s e t  

t a s k s .  A l t h o u g h  o p e n - s e t  r e c o g n i t i o n  i s  t h e  u l t ima te  g o a l  of r e s e a r c h  o n  

a u d i t o r y  p r o s t h e s e s ,  a f i r s t  a n d  i m p o r t a n t  s t e p  i s  t o  d e m o n s t r a t e  

r e p r e s e n t a t i o n  of f u n d a m e n t a l  e l e m e n t s  of speech  a t  t h e  p e r i p h e r y .  

The p r i m a r y  f i n d i n g  of t h e  p r e s e n t  s t u d y  i s  t h a t  s u c h ’ a  r e p r e s e n t a t i o n  

can be p r o v i d e d  f o r  p a t i e n t s  w i t h  poor  n e r v e  s u r v i v a l .  lnis r i n a i n g  o r r e r s  

t h e  r e a l i s t i c  e x p e c t a t i o n  t h a t  p e r f o r m a n c e  f o r  t h e s e  p a t i e n t s  m i g h t  be 

s u b s t a n t i a l l y  improved  w i t h  a p p l i c a t i o n s  o f  t h e  r i g h t  t y p e  o f  p r o c e s s i n g  

s t r a t e g y .  The  n e x t  s t e p s  t o  c o n f i r m  a n d  e x t e n d  t h e  g e n e r a l i t y  o f  t h e  

p r e s e n t  f i n d i n g s  a re  t o  i n c r e a s e  t h e  r a n g e  of  s p e e c h  p e r c e p t i o n  s t u d i e s  a n d  

t o  t e s t  more  p a t i e n t s .  We a r e  now c o m p a r i n g  t h e  p e r f o r m a n c e  of CAO a n d  I P  

p r o c e s s o r s  i n  an e x t e n s i v e  s e r i e s  o f  t e s t s  w i t h  s e v e n  p a t i e n t s .  One o f  

t h e s e  p a t i e n t s  i s  MH and t h e  r e m a i n i n g  s i x  a r e  a l l  i m p l a n t e d  w i t h  t h e  
$ 
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4 - c h a n n e l  UCSF/Storz t r a n s c u t a n e o u s  t r a n s m i s s i o n  sys t em.  The t e s t s  i n c l u d e  

t h e  vowe l  and c o n s o n a n t  t es t s  d e s c r i b e d  i n  t h i s  p a p e r ;  a l l  s u b t e s t s  o f  t h e  

M i n i m a l  A u d i t o r y  Capabi l i t i e s  ( M A C )  B a t t e r y ; "  t h e  D i a g n o s t i c  D i s c r i m i n a t i o n  

T e s t  o f  c o n s o n a n t  c o n f u s i o n s ;  l5  s p e e c h  t r a c k i n g 1 6 v 1 7  w i t h  and w i t h o u t  t h e  

a i d  of t h e  p r o s t h e s i s ;  and  t h e  IOWA t e s t  of m e d i a l  c o n s o n a n t  i d e n t i f i c a t i c n  

w i t h  s p e e c h r e a d i n g  c u e s .  l8 The r e s u l t s  of t h e s e  s t u d i e s  w i l l  be p u b l i s h e d  

i n  a f u t u r e  r e p o r t .  

App 1 i c a t i o n s  of I P P r o c e s s o r s  

I n  t h e  a b s e n c e  o f  d a t a  c o m p a r i n g  C A O  a n d  I P  p r o c e s s o r s  f o r  p a t i e n t s  

w i t h  v a r y i n g  d e g r e e s  o f  n e r v e  s u r v i v a l ,  e x p e r i e n c e  w i t h  LP and MH suggests 

t h a t  I P  p r o c e s s o r s  migh t  be  best  f o r  p a t i e n t s  w i t h  p o o r  ne rve  s u r v i v a l  w h i l e  

C A O  p r o c e s s o r s  m i g h t  w e l l  b e  b e s t  f o r  p a t i e n t s  w i t h  good  n e r v e  s u r v i v a l .  

T h i s  e x p e c t a t i o n  i s  b a s e d  o n  t h e  o b s e r v a t i o n s  t h a t  (1) I P  p r o c e s s o r s  

p r o v i d e d  b e t t e r  pe r fo rmance  f o r  t h e  two p a t i e n t s  of  t h e  p r e s e n t  s t u d y ,  b o t h  

o f  whom h a d  p s y c h o p h y s i c a l  m a n i f e s t a t i o n s  o f  p o o r  n e r v e  s u r v i v a l ;  (2) 

a p p r o x i m a t e l y  h a l f  of  t h e  p a t i e n t s  i n  t h e  UCSF/Storz c l i n i c a l  series h a v e  

t r u l y  e x c e l  l e n t  r e s u l t s  w i t h  t h e i r  CAO p r o c e s s o r s ,  p o s s i b l y  b e c a u s e  t h e s e  

p a t i e n t s  h a v e  g o o d  s u r v i v a l  of  p e r i p h e r a l  n e u r o n s ;  ( 3 )  i t  h a s  b e e n  

d e m o n s t r a t e d  t h a t  i n  some p a t i e n t s  c o n t i n u o u s ,  " a n a l o g - t y p e "  waveforms c a n  

p r o v . i d e  t e m p o r a l  a n d  f r e q u e n c y  i n f o r m a t i o n  up t h r o u g h  t h e  r a n g e  o f  f i r s t  

f o r m a n t  f r e q u e n c i e s  f o r  s p e e ~ h ; l ~ * ~ ~  a n d  ( 4 )  a t  l e a s t  some of  t h i s  

i n f o r m a t i o n  i s  d i s c a r d e d  when a n  I P  p r o c e s s o r  i s  u s e d .  T h e s e  c o m p a r i s o n s  

between p r o c e s s i n g  s t r a t e g i e s  a r e  summarized i n  T a b l e  11. B r i e f l y ,  t h e  CAO 

p r o c e s s o r  may be s u p e r i o r  f o r  p a t i e n t s  w i t h  good n e r v e  s u r v i v a l  b e c a u s e  s u c h  

p a t i e n t s  migh t  p e r c e i v e  s u b s t a n t i a l  t e m p o r a l  and f r e q u e n c y  i n f o r m a t i o n  i n  

a n a l o g  waveforms and b e c a u s e  t h e  l o w e r  s t i m u l u s  i n t e n s i t i e s  r e q u i r e d  f o r  

t h e s e  p a t i e n t s ,  a l o n g  w i t h  s u r v i v a l  of  g a n g l i o n  c e l l s  a n d / o r  d e n d r i t e s  over 

e a c h  a c t i v e  p a i r  of e l e c t r o d e s ,  g r e a t l y  m i n i m i z e s  c h a n n e l  i n t e r a c t i o n s  



produced  by s i m u l t a n e o u s  s t i m u l a t i o n .  On t h e  o t h e r  hand ,  t h e  I P  p r o c e s s o r  

may b e  s u p e r i o r  f o r  p a t i e n t s  w i t h  p o o r  n e r v e  s u r v i v a l  b e c a u s e  i s o l a t i o n  

between c h a n n e l s  f o r  s u c h  p a t i e n t s  i s  t r e m e n d o u s l y  improved w i t h  t h e  use of 

n o n - s i m u l t a n e o u s  s t i m u l i .  

F i n a l l y ,  we n o t e  t h a t  t h e  t y p e  o f  I P  p r o c e s s o r  u s e d  i s  c r i t i c a l l y  

i m p o r t a n t  t o  t h e  outcome f o r  t h e  p a t i e n t s  w e  h a v e  s t u d i e d .  Measurements  of 

p e r f o r m a n c e  c h a n g e s  w i t h  p a r a m e t r i c  m a n i p u l a t i o n s  i n  I P  p r o c e s s o r s  h a v e  

i n d i c a t e d  t h a t  g o o d  p e r f o r m a n c e  a p p e a r s  t o  d e p e n d  o n  t h e  f o l l o w i n g ,  i n  

a p p r o x i m a t e  o r d e r  o f  i m p o r t a n c e  : 8 

1. T o t a l  nubmer of c h a n n e l s  ( large i n c r e a s e s  i n  pe r fo rmance  are f o u n d  

when t h e  number o f  c h a n n e l s  i s  i n c r e a s e d  from 2 t o  4 and from 4 t o  

6) : 

2 .  Number of  c h a n n e l s  u p d a t e d  p e r  round- rob in  c y c l e  ( p e r f o r m a n c e  i n  

t e s t s  of  c o n s o n a n t  i d e n t i f i c a t i o n  d e c l i n e s  p r e c i p i t o u s l y  i f  t h i s  

number f a l l s  below 4 ) ;  

3 .  T o t a l  d u r a t i o n  of  e a c h  round- rob in  c y c l e  ( p e r f o r m a n c e  g e t s  b e t t e r  

a s  d u r a t i o n  is d e c r e a s e d ,  and i s  m a r k e d l y  b e t t e r  when t h e  d u r a t i o n  

i s  less t h a n  4-5  msec);  

4 .  T i m e  b e t w e e n  p u l s e s  ( p e r f o r m a n c e  i m p r o v e s  a s  t h e  time b e t w e e n  

p u l s e s  is  i n c r e a s e d ,  up t o  t h e  p o i n t  a t  which t h e  t o t a l  d u r a t i o n  

of  t h e  r o u n d - r o b i n  c y c l e  b e g i n s  t o  e x c e e d  4-5 msec); and 

5 .  E x p l i c i t  c o d i n g  of  v o i c i n g  i n f o r m a t i o n  (pe r fo rmance  is b e t t e r  w i t h  

e x p l i c i t  c o d i n g  of  v o i c i n g  i n f o r m a t i o n .  and t h e  p e r c e p t s  e l i c i t e d  

- w i t h  p r o c e s s o r s  t h a t  use such  c o d i n g  a re  d e s c r i b e d  a s  more n a t u r a l  

and s p e e c h l i k e ) ;  

Among t h e s e  f a c t o r s ,  t h e  s e c o n d  i s  p e r h a p s  t h e  m o s t  s u r p r i s i n g  and 

s i g n i f i c a n t  i n  terms of p r o c e s s o r  d e s i g n .  In  o u r  p a r a m e t r i c  s t u d i e s  w i t h  

$ 
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m a i n t a i n e d  e v e n  i f  o n l y  two c h a n n e l s  were upda ted  on e a c h  round- rob in  c y c l e .  

However ,  s c o r e s  on t h e  t es t s  o f  c o n s o n a n t  r e c o g n i t i o n  d e c l i n e d  p r e c i p i t o u s l y  

i f  f e w e r  t h a n  f o u r  c h a n n e l s  were u p d a t e d  on e a c h  c y c l e .  T h e  r e l a t i v e  

improvement  i n  c o n s o n a n t  r e c o g n i t i o n  when t h e  number of upda ted  c h a n n e l s  is 

i n c r e a s e d  may h a v e  r e s u l t e d  from a n  improved  r e p r e s e n t a t i o n  of  t h e  complex  

spec t ra  and t e m p o r a l  dynamics of c o n s o n a n t s .  Vowels  g e n e r a l l y  h a v e  s t e a d y  

o r  s l o w l y - v a r y i n g  s p e c t r a  t h a t  c a n  be  w e l l - c h a r a c t e r i z e d  by two o r  t h r e e  

f o r m a n t  f r e q u e n c i e s .  I n  c o n t r a s t ,  c o n s o n a n t  r e c o g n i t i o n  d e p e n d s  on  much 

I 

more r a p i d  v a r i a t i o n s  and  on b road  n o i s e  bands  t h a t  do  n o t  l e n d  t h e m s e l v e s  

t o  f o r m a n t  r e p r e s e n t a t i o n .  C o n s o n a n t  r e c o g n i t i o n  may i n v o l v e  a h o s t  o f  

f e a t u r e s  i n c l u d i n g  (1) v o i c i n g / f r i c a t i o n ;  ( 2 )  a m p l i t u d e  e n v e l o p e ;  ( 3 )  l o c i  

and  s h a p e s  of  b road  s p e c t r a l  p e a k s ;  and ( 4 )  r a p i d  fo rman t  t r a n s i t i o n s  f rom a 

l e a d i n g  vowel  i n t o  a f o l l o w i n g  c o n s o n a n t  o r  f rom a l e a d i n g  consonan t  i n t o  a 

f o l  l o w i n g  v o w e l .  T h e s e  f e a t u r e s  o t h e r  t h a n  s t e a d y - s t a t e  f o r m a n t s  a r e  

p r o b a b l y  b e s t  r e p r e s e n t e d  w i t h  r a p i d  u p d a t e s  of i n f o r m a t i o n  on a l l  c h a n n e l s  

of  a m u l t i c h a n n e l  a r r a y .  
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CONCLUSIONS 

The most general conclusion to be drawn from the results presented in 

this report is that manipulations in the processing strategy used in an 

auditory prosthesis can have huge effects on recognition of consonants and 

vowels. This basic finding demonstrates the importance of selection of an 

appropriate processing strategy for individual implant patients. MH, for 

example, attains outstanding levels of recognition with certain processing 

strategies, and poor-to-moderate levels of recognition with others. Because 

our studied population of  patients is limited, we do not know at this time 

whether one processing strategy will emerge as superior for all patients. 

For patients LP and MH, processors that represented the RMS energies in five 

o r  six frequency bands with interleaved pulses provided much better 

performance than the other strategies we have evaluated. We note, though, 

that both these patients had psychophysical manifestations of poor (MH) or 

extremely-pocr (LP) nerve survival. It may be that a completely different 

class of processors would work best for a more-fortunate patient with good 

nerve survival. F o r  example, the excel lent results from approximately half 

of the patients in the UCSF series strongly indicate that a compressed- 

analog-outputs strategy may be as good as o r  superior to an interleaved- 

pulses strategy for cases in which nerve survival is good.3*8*9 As 

mentioned before, this hypothesis i s  being tested for a variety of patients. 

Pending those more detailed and general results, we conclude that: 

1. Different processing strategies can produce widely-different 

outcomes f o r  individual implant patients; 

2 .  Interleaved-pulses processors are far superior to other processors 

for at least two patients with poor nerve survival; 

37 



3 .  Processors other than the interleaved-pulses processors may be 

superior f o r  patients with good nerve survival; and 

4 .  Therefore it is important not to have an "adopted religion" f o r  a 

single strategy of speech processing f o r  auditory prostheses. 
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T A B L E  I 

Initial Reports Made by LP in Listening to the 

Outputs of an Interleaved-Pulses Processor 

Token* 

~~ 

Report 

BOOT 

BOUGHT 

BOAT 

B I T  

B E E T  

ADA 

AKA 

AU A 

AS A 

ATA 

AZ A 

near threshold ("not loud enough to make it out") 

spontaneous recognition ("a perfect BOUGHT") 

spontaneous recognition ("you're saying BOAT; the 

sound is nice and has a good loudness") 

spontaneous recognition 

spontaneous recognition ("the EE is high in pitch; 

B E E T  is very clear") 

spontaneous recognition ("close to A T A ,  but is 

clearly A D A ;  that's a good A D A " )  

not recognized ("could be ADA o r  A T A " )  

spontaneous recognition ("sounds just like A N A ;  a 

beautiful A N A ! " )  

not recognized ("can't tell") 

spontaneous recognition 

not recognized ("could be A S A  o r  A Z A ;  there's no way 

I could tell the difference between those two") 

* Tokens ALA and ATHA were not presented in the initial tests 

with this first interleaved-pulses processor. 
I 
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TABLE 11. 

Characteristics of Processors* 

ANALOG PULSATILE 

32  

continuous waveforms, 

presented simultaneously 

non-simultaneous pulses 

severe interactions between improved channel isolation, 

channels for patients with especially for patients w i t h  

poor  nerve survival poor nerve survival 

in some patients, continuous limited transmission of 

wavef orins can provide good temporal and frequency 

temporal and frequency information (FO, voice/unvoice 

information (PO, voice/unvoice boundaries) 

boundaries, F1, possible F2) 

* Symbols used in this Table are FO for the fundamental 

frequency of voiced-speech sounds, F 1  for the first formant 

frequency of speech, and F2 f o r  the second formant frequency of 

speech. 
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F i g .  1 .  

F i g .  2 .  

F i g .  3 .  

F i g .  4 

F I G U R E  LEGENDS 

B l o c k  d i a g r a m  o f  4 - c h a n n e l ,  c o m p r e s s e d - a n a l o g - o u t p u t s  ( C A O )  

p r o c e s s o r s .  S e e  t e x t  f o r  d e t a i l s .  

B l o c k  d i a g r a m  o f  6 - c h a n n e l ,  i n t e r l e a v e d - p u l s e s  ( I P )  p r o c e s s o r s .  

S e e  t e x t  f o r  d e t a i l s .  

Waveforms of  a c o m p r e s s e d - a n a l o g - o u t p u t s  (CAO) p r o c e s s o r .  The t o p  

t r a c e  i n  e a c h  p a n e l  i s  t h e  i n p u t  t o  t h e  p r o c e s s o r  a n d  t h e  

r e m a i n i n g  t r a c e s  a r e  c h a n n e l  o u t p u t s .  T h e  i n p u t  i s  t h e  w o r d  

"BOUGHT." An e x p a n d e d  d i s p l a y  o f  w a v e f o r m s  d u r i n g  t h e  i n i t i a l  

p o r t i o n  o f  t h e  v o w e l  i s  shown i n  t h e  l o w e r - l e f t  p a n e l  and a n  

e x p a n d e d  d i s p l a y  o f  w a v e f o r m s - d u r i n g  t h e  "T"  i s  shown i n  t h e  

l o w e r - r i g h t  p a n e l .  C h a r a c t e r i s t i c s  o f  t h e  f i l t e r s  i n  t h e  

p r o c e s s o r  a r e  t h e  same a s  t h o s e  i n d i c a t e d  i n  F i g .  1. T h e  

a d j u s t a b l e  g a i n  c o n t r o l s  a re  s e t  a t  t h e  same l e v e l  t o  d e m o n s t r a t e  

t h e  p a t t e r n  of  c h a n n e l  o u t p u t s  b e f o r e  t h e  o u t p u t s  a r e  mapped i n t o  

a u d i b l e  r a n g e s  f o r  i n d i v i d u a l  p a t i e n t s .  F i n a l l y ,  t h e  c o m p r e s s i o n  

r a t i o  i s  s e t  a t  3 . 0 ,  a n d  t h e  t h r e s h o l d  f o r  t h e  o n s e t  o f  

c o m p r e s s i o n  i s  a p p r o x i m a t e l y  3% of t h e  f u l l  s c a l e  d e f l e c t i o n  o f  

t h e  i n p u t  s i g n a l .  

Waveforms of  an  i n t e r l e a v e d - p u l s e s  ( I P )  p r o c e s s o r .  The t o p  trace 

i n  e a c h  p a n e l  i s  t h e  i n p u t  t o  t h e  p r o c e s s o r  a n d  t h e  r ema in ing  

. t races  a re  c h a n n e l  o u t p u t s .  The i n p u t  is t h e  word "BOUGHT." An 

expanded d i s p l a y  of waveforms d u r i n g  t h e  i n i t i a l  p o r t i o n  of  t he  

vowel  is shown i n  t h e  l o w e r - l e f t  p a n e l  and a n  expanded d i s p l a y  of 

w a v e f o r m s  d u r i n g  t h e  "T" i s  shown i n  t h e  l o w e r - r i g h t  p a n e l .  

C h a r a c t e r i s S i c s  o f  t h e  f i l t e r s  i n  t h e  p r o c e s s o r  a r e  t h e  same as 



fi i l ~ ( , ~  e:  zi. . ~ r c ~ c e s s i n g  Strategies l o r  Cochlear  I m p l a n t s  34 I 
t h o s e  i n d i c a t e d  i n  F i g .  2 .  The  r o l l o f f  f r e q u e n c y  f o r  t h e  

smoo th ing  f i l t e r s  i n  t h e  RMS ( roo t -mean- squa re )  e n e r g y  d e t e c t o r s  

i s  s e t  a t  25  Hz. I n  t h i s  p a r t i c u l a r  p r o c e s s o r  t h e  g r e a t e s t  4 of 6 

c h a n n e l s  a re  u p d a t e d  on e a c h  round- rob in  c y c l e ,  and t h e  c y c l e s  are 

t i m e d  t o  s t a r t  i n  s y n c h r o n y  wi th '  t h e  f u n d a m e n t a l  f r e q u e n c y  d u r i n g  

v o i c e d  s p e e c h  s o u n d s  a n d  a t  r a n d o m l y - s p a c e d  i n t e r v a l s  d u r i n g  

u n v o i c e d  s p e e c h  sounds .  The i n i t i a l  p h a s e  of  s t i m u l u s  p u l s e s  is 

0.5 msec i n  d u r a t i o n  and t h e  second  p h a s e  i s  3.0 msec i n  d u r a t i o n .  

The a m p l i t u d e  o f  t h e  second  p h a s e  of each p u l s e  is chosen  t o  make 

t h e  n e t  c h a r g e  t r a n s f e r r e d  by t h e  p u l s e  z e r o .  F i n a l l y ,  t h e  

amp 1 i t u d e s  of t h e  pu 1 ses a r e  s e t  a c c o r d i n g  t o  mapping p a r a m e t e r s  

d e r i v e d  f o r  p a t i e n t  M H ;  t h i s  i s  t h e  p r o c e s s o r  u s e d  f o r  t h e  l a s t  

p r o c e s s o r  c o n d i t i o n  i n d i c a t e d  i n  F i g .  5 .  

R e s u l t s  o f  v o w e l  a n d  c o n s o n a n t  c o n f u s i o n  t e s t s  f o r  p a t i e n t  MH. 

D i a g o n a l l y - h a t c h e d  b a r s  i n d i c a t e  r e s u l t s  o b t a i n e d  w i t h  l i p r e a d i n g  

a n d  c r o s s - h a t c h e d  b a r s  i n d i c a t e  r e s u l t s  o b t a i n e d  w i t h o u t  

l i p r e a d i n g .  The t a b l e  a t  t h e  bot tom of  t h e  f i g u r e  i n d i c a t e s  t h e  

t y p e  o f  p r o c e s s o r  u s e d  ( a b b r e v i a t i o n s  a r e  C A O  f o r  " c o m p r e s s e d  

a n a l o g  o u t p u t s "  a n d  I P  f o r  " i n t e r l e a v e d  p u l s e s " ) ;  t h e  number  of 

s t i m u l a t i o n  c h a n n e l s ;  w h e t h e r  v o i c i n g  i n f o r m a t i o n  was e x p l i c i t l y  

c o d e d  f o r  t h e  I P  p r o c e s s o r s ;  a n d  t h e  o v e r a l l  p e r c e n t - c o r r e c t  

s c o r e s  f r o m  t h e  f o u r  t e s t  c o n d i t i o n s  f o r  e a c h  p r o c e s s o r .  T h e  

h o r i z o n t a l  l i n e  i n  e a c h  p a n e l  s h o w s  t h e  l e v e l  o f  c h a n c e  

pe r fo rmance  f o r  t h a t  t e s t .  
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